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EXECUTIVE SUMMARY/INTRODUCTION
As a first step, PCKA and NSWC met and mutually agreed upon an example system to be
simulated for the purpose of investigating high-power machinery systems. This system, which is
shown later in Fig. 1, is similar to the proposed integrated power system (IPS) in that, the salient
features of the IPS are included. Briefly, the sample IPS considered consists of a 3-phase
synchronous machine, ac distribution, a ship service power supply, a 15-phase, 19 MW
propulsion drive and a pulsed power load. This system was selected to illustrate the utility and

facility of simulation in the analysis and design of high-power machinery systems.

Exciter

Motor
Controller

15- ¢, 0-15Hz
19 MW

3-0,4160V
AC Distribution

Harmonic Ship Service Pulsed Power
Filter Power Supply Weapon
Ship Service (DC)
1 MW

Figure 1. System studied.

In the original SBIR Phase I proposal, PCKA suggested that the selected system be
simulated in both detailed and reduced-order models and that the concept of waveform
reconstruction be used whenever appropriate. This technique (waveform reconstruction), which
was introduced by PCKA in a previous SBIR Phase II, provides a means to accelerate the speed
of computation by extracting information from the reduced-order model to reconstruct the
instantaneous waveforms of the system variables. However, during the interim between
submitting the proposal and the contract award, PCKA personnel were successful in developing a

simulation technique which markedly increased the speed of computation of the detailed system




2
simulation [1]. As this technique developed, it became clear that waveform reconstruction of the
system variables from the reduced-order simulation was less important. Therefore, this approach
was not pursued even though this technique could be applied using the reduced-order models
developed in this SBIR. Instead, attention was focused on demonstrating the facility of a
detailed and reduced-order system simulation for analysis and design purposes of high-power
systems.

In this SBIR Phase I, the detailed and reduced-order models of the example IPS were
developed. Example computer studies are given to illustrate the system performance during
various large-disturbances including the operation of the pulsed power weapon. For purposes of
validating the reduced-order modeling techniques, duplicate studies were performed using the
detailed and reduced-order system simulations. These studies are presented in this report along
with an analytical description of the simulation of each system component. In some cases,
however, references are cited rather than repeating previous derivations. The digital code is also
given to the Program Manager, Mr. Henry Robey of NSWC Annapolis, so that these simulations
(detailed and reduced-order) can be used by the Navy and/or their contractors.

There are additional aspects of this work which are considered innovative with applications
well beyond the proposed IPS. In particular, the analysis of the 15-phase induction machine is
new and the simulation developed should have application to other multiphase induction or
synchronous machines [Appendix B]. Another aspect of this work deals with system stability. It
was found that the field-oriented control (vector control) associated with the proposed 15-phase
propulsion induction motor drive, exhibited negative-impedancé instability [Appendix C]. This
was verified by implementing in hardware a lower power, 3-phase induction motor with the same
type of vector control [Appendix A]. It was shown that this system also inhibited negative-
impedance instability. In other words, this verified that, when placed in a system, vector
controlled machines could promote negative-impedance system instability in a manner similar to

that of constant power loads. To our knowledge, this has not been demonstrated previously.
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Perhaps more important than demonstrating that negative-impedance system instability
could occur due to vector controlled machines, is the fact that PCKA personnel (S. D. Sudhoff)
developed a control technique which prevents this instability [Appendix A]. In particular, by
incorporating an additional control within the vector control, system stability can be maintained
with insignificant degradation of the performance of the vector controlled machine. It is of
utmost importance to emphasis that the negative-impedance feature of the vector control was
discovered through the detailed simulation of the proposed IPS. Moreover, the technique to
eliminate this instability was also developed through simulation before implementing the
hardware prototype. These facts alone attest to the success of this SBIR Phase I research by
demonstrating the value of computationally efficient detailed models and nonlinear reduced-
order models derived from and validated against these detailed models. This work sets the stage
for Phase II wherein an ACSL-based simulation library for shipboard electric power/drive
systems, specifically the IPS, will be developed and demonstrated. In Phase III this library
would be made available by the Navy in the advanced surface and machinery program (ASMP)
and to Navy contractors for the IPS full scale engineered development (FSED) system

integration efforts.

SYSTEM DESCRIPTION AND MODEL DEVELOPMENT

The system considered in this study is illustrated in Fig. 1. The turbine is the prime mover
for a 3-phase, 60 Hz, 21 MW, 4160 V (line-to-line) synchronous machine. The voltage is
controlled by an IEEE Type 2 excitation system. The synchronous machine is connected to a 3-
phase 4160 V ac distribution bus. The principal load on the bus is the 19 MW ship propulsion
motor drive. In addition to the propulsion load, there is a I MW ship service power supply
consisting of a 12-pulse controlled rectifier, as well as a pulsed power load. A harmonic filter is
present which reduces the harmonics caused by the electronic switching in the motor controllers

and ship service power supply. The bus capacitance shown represents the stray bus capacitances.
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A detailed description of each of these components follows, along with a brief discussion of the

average-value modeling strategy as appropriate.

Prime Mover
Since the focus of this effort was the representation of the electrical dynamics, the prime

mover was assumed to be ideal and therefore the synchronous machine speed was assumed to be

constant and the frequency 60 Hz.

Synchronous Machine
The synchronous machine is a 2-pole, 21 MW (26.25 MVA), 4160 V (line-to-line), salient
pole machine. The parameters are given in Table 1. The modeling of a synchronous machine

has been reported previously by PCKA and therefore it is not repeated here [2].

Table 1. Synchronous machine parameters
P=2
r, =1.27m L, =391 uH L, =251uH
re, =35.26mQ Ly, =157 uH L, =279 uH
ry, =4.74mQ L,,=69.8 uH
riy =401mQ2 Ly, =227 uH
M,=373.6 H'| M,=360.5 H" 7, =190 H™'

Excitation System

The synchronous machine excitation system / voltage regulator is an IEEE Type 2. The
block diagram is given in Fig. 2 and the parameters are listed in Table 2. These are reasonable
parameters based on the size of the machine. Unfortunately, the parameters provided by the

manufacturer, appear to be incorrect.




VRef sKr
)
_ ) VRMAX
_v_T> ! —.<:)—>+ @—> Ka /
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Figure 2. IEEE Type 2 exciter representation.

Table 2. Exciter parameter
Vey = 4160 V Vesax = 7.3 p-U. S..s =0.50
T,=038s Vey =0 p-u. Sti00 = 0.86
K, =400 K.=0.03 K, =10
T,=20ms T, =1s T.,=08s
Tp=1s

Induction Motor

The induction motor which is used for ship propulsion is a 150 rpm, 19 MW unit. The
steady-state equivalent circuit is shown in Fig. 3 and the parameters for the five 3-phase set
model are given in Table 3. Modeling of the 15-phase induction motor was a major technical
challenge. Since this work may be of interest to a relatively large audience, a description of the

modeling is documented in Appendix B.




Figure 3. Per-phase equivalent circuit of 15-phase induction machine.

Table 3. Induction motor parameters.

L,=679mH | [;=457TmH | r,=12mQ | r=214mQ

me =58.1 mH n,= 0.373 P=12

Motor Controller

The induction motor power converter, which converts 4160 V, 3-phase ac to variable
amplitude, variable frequency, 15-phase ac is shown in Fig. 4. The converter consists of three
uncontrolled rectifiers connected to three dc links. Each dc link is connected to five H-bridge

inverters (Fig. 5) and each H-bridge supplies one phase of the induction motor (Fig. 4). The

parameters are given in Table 4.

Table 4. Induction motor power converter parameters.

Symbol Description Value
Effective thyristor on state resistance 10 mQ
Effective thyristor off state resistance 100 Q
Load commutated converter commutating inductance 10 uH

L, |DC link inductance 3 mH

. {DC link resistance (associated with L) 10 uQ

C, |DC link capacitance 10 uF
Effective diode voltage drop 5V
Effective thyristor voltage drop gV
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Figure 4. Induction motor power converter.

Figure 5. H-bridge.
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The most difficult technical challenge of this project was the development of the
appropriate algorithms to control each of the semiconductors in the 15 H-bridges. According to
the manufacturer, the overall control strategy was to be based upon field oriented control.
Furthermore, the control strategy was to be implemented in such a way that the switching
frequency of the H-bridge semiconductors was to be constant. There were two principal
difficulties in implementing such a control. First, since the machine is a 15-phase design, the
interaction between the motor phases complicated the design of the current control loop.
Secondly, and most importantly, it was discovered that if a standard field oriented control was
used the induction motor propulsion drive would cause the system to become unstable.
Therefore, a new concept which is denoted "link stabilizing field oriented control” was
developed. This control acts much the same as a standard field oriented control with the
exception that it does not cause the drive to exhibit the negative impedance instability as does the
standard field-oriented control. This new concept in induction motor control has ramification's

far beyond this system. It is described in detail in Appendices B and C.

Ship Service Power Supply

The ship service power supply is depicted in Fig. 6. Therein, ixp’ ixd> and iy, denote the

x'th phase currents of the primary, delta-connected secondary, and wye-connected secondary

transformers, respectively; the variables Vabp: Vabd: and v, p,, designate the a to b primary,

delta-connected secondary, and wye-connected secondary transformer voltages, respectively.

The rectifier voitage and current are denoted v, and i,. The transformer output voltage and
current are denoted vy and ig.. The individual SCR's of the upper load commutated converter

are denoted D1-D6 and the SCR's of the lower converter are W1-W6. The rectifiers are

connected in series and an LC filter is connected between the rectifier output and the load.




L idc
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Figure 6. Power supply.

The supervisory control algorithm for the power supply is depicted in Fig. 7. Therein, the
PI voltage control is the principal control loop with a current control to prevent over corrects.
The thyristor gate signals are fired based on the positive zero crossing (PZCD in Fig. 7) of the a
to b delta connected secondary voltage. In particular, the individual thyristor valves are fired in

accordance with Table 5.

Table 5. Thyristor turn on times

SCR Turn-on Time SCR Turn-on Time
DI ol w, Wi (a+11m/6)/ 0,
D2 (a+%)/ o, ) (x+7/6)/ w,

D3 /@, w3 a+3n/6)/ w,

D4 /o, W4 oa+5m/6)/w

(a+%) (

(a+%) ( )/ o,
D5 (a+¥)/ o, W5 (a+77/6)! o,

(a+3) (a+97/6)/ ,

D6 /o, W6




10
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Figure 7. Power supply control algorithm.

Parameters of the ship service power supply are listed in Table 6; therein the transformer

parameters are those of the simplified equivalent circuit shown in Fig. 8. Note that the primary

leakage inductance is negative; this results from the fact that the primary leakage in Fig. 8 is

actually an effective value based on several terms, not because any physical leakage is claimed to

be negative [2].




11

Table 6. Power supply parameters

Symbol Description Value
L;; | Secondary leakage inductance 28.2 mH
s | Secondary resistance 325 mQ

N / N, Primary effective turns / Delta-connected secondary 98
P .

effective turns (ratio to wye-connected secondary is
selected to give the same line-to-line voltage)
Al Primary leakage inductance -9.69 mH
P
r Primary resistance 274 mQ
14
L, Filter inductance 600 uH
r. Filter inductance resistance 1 mQ
c, Filter capacitance 3200 uF
Thyristor off state resistance 100 Q
Thyristor on state resistance 10
K Voltage controller proportional gain 0.01
pv
K. Voltage controller integral gain 20/s
ip
limv | Voltage regulator limit 10kV
K Current regulator proportional gain 0.01 V/A
pi
k. | Current regulator integral gain 0 V/As
limi | Current regulator limit 10 kA
o, | Minimum phase delay 0
0. | Maximum phase delay 3.14 radians
" Maximum power supply output voltage 1147V
T Line-to-line voltage filter time constant 4.594 ms




Figure 8. Power supply transformer simplified equivalent circuit.

The detailed computer model of the power supply was developed under previous Navy
contracts [2]. The average-value model used in the studies, reported herein, was developed
under this SBIR. Therefore, it is appropriate to set forth briefly the modeling strategy. The
average-value model of the power supply is based upon the average-value model of a voltage
behind inductance / controlled rectifier model. Although the system is a 12-pulse rectifier, it is
convenient to consider the operation of a 6-pulse load commutated converter, as depicted in Fig.
9, before proceeding to the 12-pulse rectifier. Since an average-value model is desired, the
known quantities will be considered to be the source voltage (in qd form) and the dc output
voltage v ;.. The output of the model will be the fast-average q- and d-axis source currents
and the fast-average of the rectifier current [3]. For this purpose, it is convenient to assume that

the source voltage may be expressed in terms of g- and d- axis voltages as

vi =2 E (1
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- >V —>+

- —>Vps —>+

trr - -

Figure 9. Equivalent circuit of 6-pulse power supply.

vﬁg = (2)

where E is the rms magnitude of the source voltage. The d-axis voltage is zero; this can be
obtained by appropriate selection of the reference frame. The reference frame is the source

reference frame indicated by a superscript g and an angular displacement 6.

In order to obtain the fast-average rectifier voltage and the g- and d-axis currents, it is

convenient to note that these variables are periodic in /3 radians of 6 g Thus, the average may

be taken over any 7/3 interval of 6 g It is convenient to consider the an interval which begins

when a certain valve turns on and continues until the next valve is turned on. If the interval when
valve 3 begins to conduct until valve 4 begins to conduct is selected

2r
to

_ 37
== j (Vs — Ves)d0, (3)

T
Zra
3

In (3), o is the firing angle relative to the source reference frame. In particular, o is defined such

that valve 3 fires when

T
b =—+a 4
3 4)

The average indicated in (3) may be carried out by noting from Fig. 9

di,
dt

S

Vs = vag + Lac
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di
v, =V, + L 5 (6)
bs bg ‘ac dt
di
v,=v,+L —* (7)
s dt
Substitution of (5)-(7) into (3) yields
_ 3% T e
== J§3+  (n — v, )d6, + gLaca)g(zb - zc)|%,3+a (8)
Equation (8) may be simplified by transforming (1) and (2) back to abc-variables, whereupon
Ve = \2 Ecos 8, %)
vy, =2 Ecos(6, - %) (10)
v, =2 Ecos(8, + %) (11)
Substitution of (9) - (11) into (8) yields
2z
Vr:z[?i«&_ E cos ()H——3—Laca>g(i,,—ic)l,,3 (12)
T T 3

Further simplification may be obtained by observing that, prior to the instant valve 3 begins to

conduct, only valves 1 and 2 are conducting; therefore

1

o =[-io0il (13)
[~ 0]

8, =—+a
*3

abcg

In (13), dc current ripple is neglected whereupon the instantaneous rectifier current is equal to it's
fast-average value. Similarly, at the instant prior to valve 4 conducting only valves 2 and 3 are

on, therefore

i =[0-i-af i +AL] (14)

be 21
4c8lg, = +a
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In (14), Ai represents the change in the fast average of the rectifier current over the interval. It
follows from this definition that the derivative of the fast-average of rectifier current may be

approximated as
di, AL
r = Y COg (1 5)

Substitution of (13)-(15) into (12) yields the desired expression for the fast-average rectifier

voltage,

V,:3—\/—-3—«/§Ecosa-z—l,aca)gfr—2 di, (16)
T T

It is assumed, that the rectifier is connected to a dc-link inductor with inductance L. and

resistance rj.. This output voltage is denoted v (Fig. 9). The voltage equation becomes
: di,
v, = rdclr + de Evdc (17}

The fast-average of (17) is

Vr = rdcir + de _j;r-vdc (18>
Combining (16) with (18) yields
g i}/——Bix/_iEcosoc—(rdc +%Luca),,)f, -V,
ez I —— (19)
dt L,+2L,

It is necessary to calculate the average q- and d-axis source currents. In order to formulate
the expressions for the average g- and d-axis currents, it is assumed that the rectifier current is
constant throughout the interval and equal to its fast-average value. It is convenient to divide the
interval into two parts in order to compute the average current; the commutation interval during
which the current is transferred from valve 1 to valve 3, and the conduction interval during which
only valves 2 and 3 are conducting. During the commutation interval, valves 1, 2, and 3 are

conducting. Therefore, the current into the ac source must be of the form




iabcx = [ius _i—r - ias l-r]T (20)
and
V=V, =0 2n

as

Substitution of (5), (6), and (20) into (21) and solving for the a-phase current yields

i,,(0,)=—1 +

—?ﬁE{cos(a) —cos(6, - %)} (22)

ac™ g
The commutation sub-interval ends when the current in valve 1, which is the a-phase
current, becomes zero. The angle from the time valve 3 is turned on and valve 1 is turned off is

known as the commutation angle u. It can be found by setting (22) equal to zero. In particular,

Lol
U = —0f +arccos| cos & — —?g—— (23)

After commutation, the a-phase current remains at zero, therefore

=[o -7 i] 24)

iabcs rr
Equations (20), (22), and (24) specify the machine currents throughout the 7/3 interval which
begins when valve 3 is fired.

The next step is to use the machine currents to calculate the average g- and d- axis currents,

which are defined as

=3[ -
==L (0,8, (26)

Since the form of machine currents is different in the conduction period than in the commutation
period, it is convenient to break up (25) and (26) into components corresponding to those two
intervals. In particular,

27)

=i

lq: — “gs,com + lqs.cond

lds = lds,com + Ls.cond (28)

where
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%“ngLiT%“wgd% (29)
by cond =—:’C- i:;iqx(eg)deg (30)
zﬁﬁm":=§§jj;:“}ﬁ(egyieg 31)
oo :-73; __:zd(eg )de, (32)

The commutation component of the current may be found by substituting (22) into (20),

transforming the result to the source reference frame @,, and then integrating in accordance with

(29) and (31)

. 2@7[. ( SE) . ( SEH
i o= 2=ilsinl u+oa—-—|-sin| o~
& T 6 6

3 V3E cos(a)[cos(u + ) — cos(a)] +
T Ly g
13 V2E [cos(2u) — cos(2ot + 2u)] (33)
4rlL, 0,
. 243 ,-[ ( Sfcj ( 57c)
[ om = ——1 | —COS| t+ 0 —— |+COS| O ——
' T 6 6
3 2E cos(ot)[sin(u + ) —sin(er)] +
rL, o,
13 2E [sin(2u) —sin(2ax + 2u)]——3- 2E 1 (34)
4l o, rL,0,2

Similarly, the conduction component of the average currents may be expressed by transforming

(24) to the source reference frame followed by the integration as set forth in (30) and (32)
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iqs'md =2—@i[sin(a+%)—sin(a+u+i6€)} (35)

1
L cond :L@ﬁ[—cos(a +7—ﬁ)+cos(a+u+—s—zﬂ (36)
‘ 3 6 6

The block diagram of the basic rectifier model is illustrated in Fig. 10. Therein, the inputs

are the firing angle o, the g- and d-axis source voltage in an arbitrary reference frame v, and v,

and the dc output voltage vj.. The outputs of the model are the fast-average of the rectifier
current . and the fast-average of the q- and d- axis currents in the arbitrary reference frame z_;;

and 7. The calculation in Block 1 determines the peak magnitude of the source voltage \2E.

* v
a 3‘{7 3 . - —_
A 1 PR e G o) b Tl
v:; 9 W de +2 Lac 3
A -
di,
v at
a .4 _f
angle (v, -jvg) [4]
Q‘ \ 4
Findu |, —>
< r
gag (23) 3]
h ig N \_
i;<___. g . .Z, Compute z’f , idg
i <
,-;<_._ $ e d (27-28, 31-34) 3

Figure 10. Diagram of rectifier model for 6-pulse power supply.

The calculation in Block 2 determines the angle of the source reference frame relative to the
reference frame in which the qd voltages are inputs. This calculation is necessary since the g-
and d- axis currents are calculated in the source reference frame (®,) which may not be the
reference frame in which the voltages are input to the rectifier model. With the magnitude of the
source voltage and the dc-link voltage, the time derivative of the rectifier current can be
calculated (Block 3), which is integrated in order to determine the fast-average rectifier current
i (Block 4). With the rectifier current, the magnitude of the source voltage, and the firing angle,

the commutation angle can be calculated using (23), (Block 5). Based upon the rectifier current,
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the commutation angle, and the firing angle, the g- and d-axis currents are calculated in the
source reference frame using (27), (28), and (33) - (36) in Block 6. Finally the g- and d- axis
currents, in the source reference frame, are transformed to the arbitrary reference frame in Block
7.

The rectifier model in Fig. 10 is for a 6-pulse rectifier as depicted in Fig. 9. In order to
modify the model to accommodate the 12-pulse rectifier, is should be noted that as long as the
commutation angle is less than 7/6, the two 6-pulse rectifiers will not interact, In other words,
each rectifier can be analyzed separately, ignoring the current in the other rectifier. A detailed
explanation of the interaction between 6-pulse units can be found in [4]. The changes in the
structure of the model are, (1) the output voltage v, is doubled since there are two rectifiers
connected in series, and (2) the current into the source (the primary current) is also doubled. The
model is illustrated in Fig. 11. An additional modification has been incorporated in order to
account for the turns ratio of the transformer; the model in Fig. 11 is referred to the secondary of

the transformer.

* v
a 642 2, 6 R =
Vg l\ o2+ v3 ﬁE) ,-n—ﬁEcosa'(rdc" + 7 Lac mg) fr = Vadt \e—Vac
vy i °n n’Ly, +2 Ly B
7y =
di;
dt
N
a .4 f
angle (v, -jvy) [4
ol v
Findu |, A,{Z}——ﬂ
eag (23) > ?r’ '
\ ig N4 ‘L
iy «— g0 € _2 Compute fj i
i
Pl e (27-28,31-34)

Figure 11. Diagram of rectifier model for 12-pulse power supply.

In order to complete the average-value model, it is necessary to integrate the rectifier model

depicted in Fig. 11 with the model of the output capacitor shown in Fig. 6 and to add the model
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of the controls shown in Fig. 7. It is clear, that the capacitor voltage (in average-value form) can

be calculated from

!
-

-7
< 37
C. (37)

{n

pvdc =

An interesting aspect of the modeling is representing the single-phase filter, the positive
zero crossing detector, and the gate sequencer in average-value qd form. This is somewhat
involved since the firing angle is determined by the controller o (Fig. 7) relative to the filtered a
to b delta connected secondary voltage whereas the firing angle required in the rectifier model is
relative to the primary voltage. The firing of the power supply thyristors is derived from the
filtered zero crossing of the a to b delta connected secondary voltage. This first-order low-pass

filter has a time constant such that it introduces a 60° phase lag. In terms of abc variables,

dﬁubd — vad — Vbd — {;uhd (38)
dt T

For the purpose of representing the filter as an average-value model, it is convenient to treat
the system as if each line-to-ground voltage is filtered individually and then subtracting the b-

phase voltage from the a-phase voltage in order to determine vgp4. The 3-phase set of filters

may be represented in fast-average qd form as

dv 1 - .
St = oy =) - 0.5 (39)
dv 1 - -

d;d =—1~_(vdd —vdd)+a)equ 40)

where vg4 and vy are the g- and d-axis delta connected secondary voltages, Vg4 and vy, are
the corresponding filtered secondary voltages, and ®, is the speed of the synchronous reference

frame.
The voltages vgq and vg4g are not directly available from the model; instead they are
calculated with a reduced-order representation of the circuit depicted in Fig. 8. In particular, vgq

and v, may be estimated as
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1, 1, ~). |
qu: Erxqu—a)e Ele+Llp ldp /'n (41)

BES 1 A\,
va=| 57 —-a)e(EL,:,+L,p)qu /n (42)

s'qp

The electrical dynamics are neglected in (41) and (42); however, this does not introduce any
noticeable inaccuracy since the time constant of the filter is relatively large.

The filtered a- to b- phase line-to-line voltage may be expressed

v, =2V, cos(@e + qu,) (43)
where v is the rms amplitude and
0., =angle(,, - jv,,) (44)
In (44), j=+/—1. The positive zero crossing of v p4 (43) occurs at

e —g (45)

The gate sequencer will turn on valve 3 of the delta-connected rectifier at an angle of o, +27/3

after the zero crossing, which occurs when the position of the synchronous reference frame is at

9. =5+ % +a, 46)

Recall, from the derivation of the reduced-order model, valve 3 fires at an angle of o, + 7 /3

past the peak value of the a-phase voltage, which is

T
?) :§+a—¢vp 47

e

where
9., =angle(v,, — jv,) (48)
Comparing (47) and (46) yields the expression for the effective firing angle relative to the source

voltage

~ T
a= ac + ¢vp - ¢\'d _g (49)

A block diagram of the average-value model of the gating controls is shown in Fig. 12.
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Figure 12. Average-value model of gate control.

Pulsed Power Weapon

The pulsed power weapon considered is shown in Fig. 13. It consists of a 6-pulse rectifier
with a LC pulse forming network interfaced to the system by a wye-to-wye transformer. The
rectifier is controlled so as to gradually charge the capacitor which is then suddenly discharged.
The control of the pulsed power unit is divided into three parts; a charge profile generator, a

firing angle control, and a gate sequencer.

— Al

Figure 13. Pulsed power charger.

The charging profile control (Fig. 14) generates the commanded capacitor voltage as a
function of time. As shown in Fig. 14, the capacitor voltage increases linearly to a prescribed

value of over a time interval ¢.j. The voltage command then remains constant for #4. This brief

period is used to allow the rectifier to finish charging the capacitor to the final value. After this

period is concluded, the firing of the rectifier is disabled and gating signals cease. The period 7o

is provided to allow any remaining thyristor valves to commutate off. The cycle is completed

with the time ¢4 during which the capacitor is discharged.




. Ien tea to)jf 71

Figure 14. Charging profile generator.

The firing angle control varies the converter firing angle so that the capacitor voltage tracks

the desired voltage established by the charging profile generator. This control is illustrated in

Fig. 15. Therein, the commanded capacitor voltage v:pp is compared to the actual capacitor

voltage vcpp and the difference is multiplied by a gain and limited to give the current command

*

i,,- The difference between the commanded rectifier current and the actual current i, is then

multiplied by a proportional gain and the result added to the capacitor voltage to obtain the

rectifier voltage command v;p. The capacitor voltage is included in the rectified voltage

command since it decouples the capacitor and inductor. Finally, the voltage command is divided

by the maximum rectifier voltage Vymax, limited, and translated into a commanded firing angle

acpp. .
Uim Vo [
L
* P + J 1
Vepp 2 z 2 Kpr +-Z Kpi +Z \A acos( )>C%cpp
0 |
Vepp
brpp

Figure 15. Firing angle control.

The gate sequencer is illustrated in Fig. 16 and is considerably different from that used for
the power supply. In particular, all three line-to-line voltages are filtered, and the firing of
individual valves is timed (via the delay blocks) from either the positive or negative zero

crossings of line-to-line voltages as indicated in Fig. 16. Each DELAY block represents a delay
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of radians from the zero crossing. In this control the firing angle is updated 6 times every cycle
rather than once a cycle as in the case of the power supply. Parameters of the charging profile

generator, the firing angle control, and the gate sequence are given in Table 7.

—>

—3| DELAY Valve 1
> ——> V.
3} DELAY alve 4
1 —>‘ PZCD i —i DELAY —>Valve 3
Vbc_>rs+ 1 > —>Valve 6
al NZCDi |_J| DELAY
—>1 i > —>
Veaa s+ 1] | I: R

Figure 16. Gate sequencer.

The average-value modeling of the pulsed power weapon is based on the 6-pulse load-
commutate converter model set forth previously in the derivation of the power supply. The
significant differences are; (1) an extension to the 12-pulse case is not necessary, and (2) the
representation of the gate sequence control is different. In order to derive an average-value model

of the gate sequence controls it is appropriate to begin with the abc model of the filter. In

particular
1 -1 0O
d
Dol 1 Sy -y, (50)
a =
-1 0 1
where Vfis the filtered voltage vector,
- o~ ~ 1T
V, = [V Vpe Vi) 51

Transforming (51) to the synchronous reference frame yields

dv, 1(3 NE)

—2-vqp Vg T vqf] -0V, (52)

a7t




Table 7. Pulsed Power Parameters.
Name Description Value
Ly Charge time 0.8 s
| Catch-up time 0.1s
! Off time 0.05 s
t, Dead time 0.05s
C Pulse Forming capacitance 4F
L Pulse forming inductance 3.21 mH
r Resistance at pulse forming inductance 2.42 mQ
L, Transformer leakage inductance 64.3 uH
r, Transformer resistance 2.42 mQ
n,. Transformer primary-to-secondary turns ratio 5.00
K, Current gain 0.3213 V/A
K, Voltage gain 80 A/V
Ly, Current limit 6 KA
T Filter time constant 4.594 ms
A Maximum charging voltage 1000 V
%’::%(qupﬁ-%vdp—vdfj—wevv (53)

Together (52) and (53) are used to represent the average-value model of the filter. From these

equations note that the b to ¢ voltage may be expressed

Vpe =20 cos(@e - Zg— +¢ (54)

fpp)

where
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05 = angle(vq, + jvy) (55)
from which it can be seen that the positive zero crossing of the filtered b to ¢ line-to-line voltage
occurs at
6, = %— 0, (56)
Thus, valve 3 is fired when the position of the synchronous reference frame is

T -
9e=€—¢fpp+ac (37)

By definition, valve 3 fires at an angle o + /3 after the peak of the a-phase primary voltage.

This voltage may be expressed as

Vyp = V2v, cos(@e +9,) (58)
where
9, =angle(v, — jv,) (59)
Therefore, valve 3 fires at
6,=a+=-9, (60)
3
Comparing (60) to (57)
R (61)

The average value model of the pulsed power system is illustrated in Fig. 17.

v VQf

» | Filter > i :
| (50-51) | v angle (v~ Jvp)

Vdp >

angle (;qp - j;dp)

Figure 17. Average-value model of pulsed power gate sequencer.
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Harmonic Filter
In order to reduce the harmonic content at the ac bus, a wye-connected series RLC filter is

used (Fig. 18). In the detailed computer model, this filter is represent in terms of abc variables as

dv 1
= == iahcf (62)
dt C,
di, 1
abcf .
— =y, —V, = rl, 63
dt Lf ( abc abct f ubcj) ( )
Va Yb Ve
Laf Iy e
Ry
Ly

+ + +
Cf_L_vaf —[—be —]——ch

Figure 18. Harmonic filter.

For the purpose of the average-value model, it is convenient to represent (62) and (63) in the

synchronous reference frame

dv 1. 0 1

d—qt:'é—;lqdﬂ —a)e':—l 0 quf (64)
di 1 ) 0 1
——dqt :z;—(qu—quf —rfqu,f)*—a)g[_l 0 Vo (65)

The filter parameters are given in Table 8.

Table 8. Harmonic Filter

L=804mH | R=0319 Q| C=35uH
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Hydrodynamic Model
The hydrodynamic model used in the representation of the ship propulsion system is

dw 1
m — (T, ~T,
dt J( ¢ L) (66)

where T, is the induction motor torque and T is the load torque represented by

] (67)

The assumed value of parameters are listed in Table 9. This model is over simplified with the

rm

@

TL = TL.basesgn(wrm )(

rm.base

inertia selected low compared to the actual system. A more detailed model can be readily

substituted for the model presented herein if the actual hydrodynamic data is available.

Table 9. Hydrodynamic Model

J =50 uNms* ®,,=1551rad/s N=3 T,. =12 MNm

Component Model Interconnection

Model component interconnection is always an issue in detailed and average-value
modeling. In a previous SBIR, PCKA developed interconnection strategy based on neglecting
fast transients [5]. In this present SBIR, an alternate approach of retaining those transients has
been explored. This is accomplished conveniently by representing a small capacitance at the ac
bus. Although this introduces artificially fast time constants, these fast time constants do not
present the same difficulties which are introduced in the case of detailed simulations since the
fast time constants are not repeatedly excited. Therefore, integration algorithms applicable to
stiff systems such as Gear's Method, are effective. In terms of q- and d-variables, the capacitor

is represented as

dv 1 &
—4 =V -V 68
dt c%w ed (68)
dv 1 .
__dtd = EZ’ 0., (69)

Jj=i
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Equation (68) and (69) establish the ac bus voltage as state variables. The capacitance Cin (68)

and (69) was selected as 10 pF.
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COMPUTER STUDIES

Results of several computer studies are given in this section for the purposes of
demonstrating the facility of the detailed and reduced-order simulations of the IPS shown in Fig.
1 and to compare the system response predicted by the detailed and reduced-order simulations.
Four studies are given. With the exception of Study 2, each is divided into two parts. In part "a"
the system response predicted by the detailed simulation is given; in part "b" the predicted
reduced-order response is shown. In most cases, the studies are self-explanatory: therefore a
lengthy discussion is not given. When evaluating the studies, it is convenient to refer to Fig. 1
and a listing of the variables plotted for the detailed and reduced-order simulations. For

convenience Fig. 1 and the list of variables plotted are repeated at the beginning of each study.
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Study 1

In this study, the IPS is initially operating in the steady state with the ship service power
supply operating at full load; however, the pulsed power system is out-of-service. Att=15.5,
the torque command of the vector controlled 15-phase propulsion induction motor is increased
from zero to 1.2 MNem (full load). The dc bus stabilizer is incorporated into the vector control
of the induction motor.

There are some differences between the system responses predicted by the detailed and the
reduced-order simulations. These are due primarily to the fact that PCKA has not been totally
successful in developing a reduced-order model of two or more converters operating in parallel

from the same bus. Nevertheless, the accuracy is certainly acceptable for this application.

Exciter

Motor
Controller

3-¢,4160V
AC Distribution 13 -13’181-\}\/5}12

T

Harmonic Ship Service Pulsed Power
Filter Power Supply Weapon
Ship Service (DC)
1 MW

Figure 1. System studied.




32
Study 1a

Variable Description - Detailed Simulation

ACSL Name

alphapwsp
iabcime(1)

iabcppw(1)

iabcpwsp(1)

iabcsm(1)
1aoim1(1)
idc11
idc11f

iddrv
idppw
idpwsp
idsm
iqdrv
1qppw
1qpwsp
igsm
irectpwsp
Irppw
teim1
tesm
vabc(1)
vaoiml1(1)
vcapppw
vd

vdcl1
vdcpwsp
vid

vq
wrmiml

Description

power supply rectifier phase delay (rad)

a-phase current into induction motor power converter (A)
a-phase current into pulse power device (A)

a-phase current into power supply (A)

a-phase synchronous machine current (positive in) (A)
a-phase induction motor current (A)

dc current into first 5 H-bridge inverter (not filtered) (A)

low pass filtered inverter current into first set of five H-bridges
(filtered so it could be compared to average value model) (A)

d-axis current into induction motor power converter (A)
d-axis current into pulse power device (A)

d-axis current into power supply (A)

d-axis synchronous machine current (positive in) (A)

g-axis current into induction motor power converter (A)
g-axis current into pulse power device (A)

g-axis current into power supply (A)

g-axis synchronous machine current (positive in) (A)

dc link current in power supply (positive out of rectifier) (A)
inductor current in pulse power device (A)

induction motor electromagnetic torque (Nm)

synchronous machine torque (positive for motor operation) (Nm)
a-phase 4160 V bus voltage (V)

a-phase induction motor voltage (V)

capacitor voltage of pulse power device (A)

d-axis bus voltage (V)

dc voltage at input of first 5 H-bridges (V)

power supply dc output voltage (V)

synchronous machine field voltage (unreferred) (V)

g-axis bus voltage (V)

induction motor speed - mechanical (rad/s)
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Study 1b

Variable Description - Nonlinear Reduced-Order Model Simulation

ACSL Name Description

alphaspwsp power supply rectifier phase delay (rad)

idel11 inverter current into first set of five H-bridges (A)
iddepspw(2) d-axis current into pulse power device (A)

igdeimc(1) g-axis current into induction motor power converter (A)
igdeimc(2) d-axis current into induction motor power converter (A)
igdepspw(1) g-axis current into pulse power device (A)

iqgdepwsp(1) g-axis current into power supply (A)

igdepwsp(2) d-axis current into power supply (A)

iqgdesm(1) g-axis synchronous machine current (positive in) (A)
igdesm(2) d-axis synchronous machine current (positive in) (A)
irectpwsp dc link current in power supply (positive out of rectifier) (A)
Irppw inductor current in pulse power device (A)

teim1 induction motor electromagnetic torque (Nm)

tesm synchronous machine torque (positive for motor operation) (Nm)
vcapppw capacitor voltage of pulse power device (A)

vdcl1 dc voltage at input of first 5 H-bridges (V)

vdcpwsp power supply dc output voltage (V)

vid synchronous machine field voltage (unreferred) (V)
vgde(1) g-axis bus voltage (V)

vqde(2) d-axis bus voltage (V)

wrmim induction motor speed - mechanical (rad/s)
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Study 2
In this study, the steady-state waveforms of several system variables are shown. The ship
service power supply is operating at full load with the pulsed power system again out-of-service.

The torque command for the propulsion induction motor is constant at full load (12 M Nem).

Exciter

Motor
Controller

3-.0,4160Y ) -
AC Distribution 15 1¢9w h(/)[\%\/SHZ

21 MW
Harmonic Ship Service Pulsed Power
Filter Power Supply Weapon
Ship Service (DC)
1MW

Figure 1. System studied.




Variable Description - Detailed Simulation

ACSL Name

alphapwsp
iabcimc(1)

iabcppw(1)

iabcpwsp(1)

labcsm(1)
iaoim1(1)
idc11
idc11f

iddrv
idppw
idpwsp
1dsm
iqdrv
1qppw
1GpWwsp
igsm
irectpwsp
irppw
teim1
tesm
vabc(1)
vaoim1(1)
vcapppw
vd

vdcl1
vdcpwsp
vid

vq
wrmim I

Description
power supply rectifier phase delay (rad)

a-phase current into induction motor power converter (A)
a-phase current into pulse power device (A)

a-phase current into power supply (A)

a-phase synchronous machine current (positive in) (A)
a-phase induction motor current (A)

dc current into first 5 H-bridge inverter (not filtered) (A)

low pass filtered inverter current into first set of five H-bridges
(filtered so it could be compared to average value model) (A)

d-axis current into induction motor power converter (A)
d-axis current into pulse power device (A)

d-axis current into power supply (A)

d-axis synchronous machine current (positive in) (A)

g-axis current into induction motor power converter (A)
g-axis current into pulse power device (A)

g-axis current into power supply (A)

g-axis synchronous machine current (positive in) (A)

dc link current in power supply (positive out of rectifier) (A)
inductor current in pulse power device (A)

induction motor electromagnetic torque (Nm)

synchronous machine torque (positive for motor operation) (Nm)
a-phase 4160 V bus voltage (V)

a-phase induction motor voltage (V)

capacitor voltage of pulse power device (A)

d-axis bus voltage (V)

dc voltage at input of first 5 H-bridges (V)

power supply dc output voltage (V)

synchronous machine field voltage (unreferred) (V)

g-axis bus voltage (V)

induction motor speed - mechanical (rad/s)
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Study 3
Initially the system is operating in the steady state with the propulsion system (induction
motor) and the ship service power supply operating at full load. At =20.5 the pulsed power

weapon is fired.

Exciter

Motor
Controller

3-¢,4160V S
AC Distribution 15 149» I\%}VSHz

21 MW Bus
Harmonic Ship Service Pulsed Power
Filter Power Supply Weapon
Ship Service (DC)
1MW

Figure 1. System studied.
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Study 3a

Variable Description - Detailed Simulation

ACSL Name

alphapwsp
iabcime(1)

iabcppw(1)

iabcpwsp(1)

labcsm(1)
iaoim1(1)
idcl1
idc11f

iddrv
1dppw
idpwsp
idsm
iqdrv
iqppw
1qpwsp
igsm
irectpwsp
irppw
teim1
tesm
vabc(1)
vaoim1(1)
vcapppw
vd

vdc11
vdcpwsp
vid

vq
wrmim

Description
power supply rectifier phase delay (rad)

a-phase current into induction motor power converter (A)
a-phase current into pulse power device (A)

a-phase current into power supply (A)

a-phase synchronous machine current (positive in) (A)
a-phase induction motor current (A)

dc current into first 5 H-bridge inverter (not filtered) (A)

low pass filtered inverter current into first set of five H-bridges
(filtered so it could be compared to average value model) (A)

d-axis current into induction motor power converter (A)
d-axis current into pulse power device (A)

d-axis current into power supply (A)

d-axis synchronous machine current (positive in) (A)

g-axis current into induction motor power converter (A)
g-axis current into pulse power device (A)

g-axis current into power supply (A)

g-axis synchronous machine current (positive in) (A)

dc link current in power supply (positive out of rectifier) (A)
inductor current in pulse power device (A)

induction motor electromagnetic torque (Nm)

synchronous machine torque (positive for motor operation) (Nm)
a-phase 4160 V bus voltage (V)

a-phase induction motor voltage (V)

capacitor voltage of pulse power device (A)

d-axis bus voltage (V)

dc voltage at input of first 5 H-bridges (V)

power supply dc output voltage (V)

synchronous machine field voltage (unreferred) (V)

g-axis bus voltage (V)

induction motor speed - mechanical (rad/s)
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Study 3b

Variable Description - Nonlinear Reduced-Order Model Simulation

ACSL Name

alphaspwsp
idell
iddepspw(2)
igdeimc(1)
igdeimc(2)
iqdepspw(1)
igdepwsp(1)
igdepwsp(2)
igdesm(1)
igdesm(2)
irectpwsp
Irppw

teiml

tesm
vcapppw
vdell
vdcpwsp
vid

vade(1)
vqde(2)

wrmim1

Description
power supply rectifier phase delay (rad)

inverter current into first set of five H-bridges (A)

d-axis current into pulse power device (A)

g-axis current into induction motor power converter (A)
d-axis current into induction motor power converter (A)
g-axis current into pulse power device (A)

g-axis current into power supply (A)

d-axis current into power supply (A)

g-axis synchronous machine current (positive in) (A)

d-axis synchronous machine current (positive in) (A)

dc link current in power supply (positive out of rectifier) (A)
inductor current in pulse power device (A)

induction motor electromagnetic torque (Nm)

synchronous machine torque (positive for motor operation) (Nm)
capacitor voltage of pulse power device (A)

dc voltage at input of first 5 H-bridges (V)

power supply dc output voltage (V)

synchronous machine field voltage (unreferred) (V)

g-axis bus voltage (V)

d-axis bus voltage (V)

induction motor speed - mechanical (rad/s)
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Study 4

The system is initially operating with the propulsion system and ship service power supply
operating at full load with the stabilizing control incorporated into the vector control of the
propulsion induction motor. At t=24.5 the pulsed power weapon is fired and at the same time
the stabilizing control is deactivated whereupon the propulsion induction motor is controlled by
the "standard” vector control. During the operation of the weapon, the instability due to the
standard vector control is noted in the waveforms. Compare TESM in Study 3 to TESM in
Study 4. However, once the weapon has discharged the'instability is more or less present only in
the dc variables as illustrated by the plots of VDC11 and IDC11F. Note that with the stabilizer,
before the firing, the variables are stable; however, after the firing, when the stabilizer is out-of-
service, the variables demonstrate instability. In Study 3, wherein the stabilizer was in service,
the variables return to the pre-firing stable waveforms.

In the case of the reduced-order simulation, the plots stop at approximately 7 = 25.4. Thisis
due to the fact that the reduced-order model detects that a commutation failure occurred and

subsequently stopped computing since thereafter the reduced-order model is no longer valid.

Exciter

Motor
Controller

3-0,4160V
AC Distribution
Bus

15 - ¢, 0-15Hz
19 MW

Hargnonic Ship Service Pulsed Power
Filter Power S upply Weapon

)

Ship Service (DC)
1 MW

Figure 1. System studied.
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Study 4a

Variable Description - Detailed Simulation

ACSL Name

alphapwsp
iabcimc(1)

iabcppw(1)

iabcpwsp(1)

iabcsm(1)
iaoim1(1)
idc11
idel1f

iddrv
idppw
idpwsp
idsm
igdrv
1qppw
1qpwsp
igsm
irectpwsp
irppw
teim1
tesm
vabc(1)
vaoiml1(1)
vcapppw
vd

vdcl11
vdcpwsp
vid

vq
wrmim

Description
power supply rectifier phase delay (rad)

a-phase current into induction motor power converter (A)
a-phase current into pulse power device (A)

a-phase current into power supply (A)

a-phase synchronous machine current (positive in) (A)
a-phase induction motor current (A)

dc current into first 5 H-bridge inverter (not filtered) (A)

low pass filtered inverter current into first set of five H-bridges
(filtered so it could be compared to average value model) (A)

d-axis current into induction motor power converter (A)
d-axis current into pulse power device (A)

d-axis current into power supply (A)

d-axis synchronous machine current (positive in) (A)

g-axis current into induction motor power converter (A)
g-axis current into pulse power device (A)

g-axis current into power supply (A)

g-axis synchronous machine current (positive in) (A)

dc link current in power supply (positive out of rectifier) (A)
inductor current in pulse power device (A)

induction motor electromagnetic torque (Nm)

synchronous machine torque (positive for motor operation) (Nm)
a-phase 4160 V bus voltage (V)

a-phase induction motor voltage (V)

capacitor voltage of pulse power device (A)

d-axis bus voltage (V)

dc voltage at input of first 5 H-bridges (V)

power supply dc output voltage (V)

synchronous machine field voltage (unreferred) (V)
g-axis bus voltage (V)

induction motor speed - mechanical (rad/s)
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Study 4b

Variable Description - Nonlinear Reduced-Order Model Simulation

ACSL Name

alphaspwsp
idc11
iddepspw(2)
igdeimc(1)
igdeimc(2)
igdepspw(1)
igdepwsp(1)
igdepwsp(2)
igdesm(1)
igdesm(2)
irectpwsp
irppw

teiml

tesm
vcapppw
vdcl]
vdcpwsp
vid

vgde(1)
vagde(2)

wrmiml

Description

power supply rectifier phase delay (rad)

inverter current into first set of five H-bridges (A)

d-axis current into pulse power device (A)

g-axis current into induction motor power converter (A)
d-axis current into induction motor power converter (A)
g-axis current into pulse power device (A)

g-axis current into power supply (A)

d-axis current into power supply (A)

q-axis synchronous machine current (positive in) (A)

d-axis synchronous machine current (positive in) (A)

dc link current in power supply (positive out of rectifier) (A)
inductor current in pulse power device (A)

induction motor electromagnetic torque (Nm)

synchronous machine torque (positive for motor operation) (Nm)
capacitor voltage of pulse power device (A)

dc voltage at input of first 5 H-bridges (V)

power supply dc output voltage (V)

synchronous machine field voltage (unreferred) (V)

g-axis bus voltage (V)

d-axis bus voltage (V)

induction motor speed - mechanical (rad/s)
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APPENDICES
The following appendices would normally be included as sections of the report; however,
each appendix is written in manuscript format for publication purposes. It was decided to
include these manuscripts as part of the report and not to spend the time to rewrite this material

in the format of the report.

Appendix A: DC Link Stabilized Field Oriented Control of Electric Propulsion Systems
Appendix B: Modeling Consideration in a 15-Phase Induction Motor Drive System

Appendix C: Control of a 15-Phase Induction Motor Drive System




Appendix A
DC Link Stabilized Field Oriented Control of Electric Propulsion Systems

Abstract - In the process of designing the controlier for the
induction motor drive inciuded in this report, it was discovered
that the system would exhibit negative impedance instability.
Therefore, a simple though nonlinear control aigorithm was
created to mitigate this instability. As a first step in developing
this control for the IPS system, the controi was deveioped for 3
3-phase induction motor based drive system. In particuiar, the
3-phase induction motor based version of the control was
verified both through the use of computer simulation and by
construction of a 3.7 kW prototype system using the laboratory
facilities of the University of Missouri - Rolla. The design
and performance of the 3-phase version of the control are
set forth herein.

L. INTRODUCTION

Electric propulsion systems consistng of a turbine
driven synchronous machine feeding an induction motor
drive through a rectifier - dc link - inverter frequency
changer are important in a wide variety of applications
including locomotives, hybrid electric vehicles, submarines,
and ship propulsion systems, including the next generation
warship, the Surface Combatant 21. The advantage of such
a system over a mechanical transmission is that the turbine
speed becomes fully decoupied from the load speed. allowing
the turbine speed to be optimized with regard to fuel
efficiency. In addition, the elimination of the mechanical
linkage between the turbine or other prime mover and the
mechanical load (drive train or propeiler) allows a greater
degree of architectural freedom in the locomotive / vehicle /
ship layout. In many of these systems. the inverter is used to
tightly regulate the motor current waveforms, which has the
advantage of making the inverter / motor drive extremely
robust with regard to overcurrents. However, at the same
time, such regulation has the disadvantage that it makes the
motor drive appear to have a negative impedance, since if
the inverter voltage is reduced the dc link current will
increase so as to maintain constant power (since the motor
currents will remain undisturbed). This negative impedance
can result in loss of dynamic stability of the propuision
system. In order to avoid instability, a classical method is to
increase the dc link capacitance. However, in large drive
systems, such as those used in naval applications, the
capacitance required can become costly in terms of capital.
space, and weight. In this paper, a nonlinear dc link
stabilized field oriented control is demonstrated which is
shown have performance characteristics similar to the
classical field oriented control, but mitigates the negative
impedance instability problem.

II. SYSTEM OVERVIEW

Fig. 1 illustrates the type of electric propulsion system
considered herein. The power source of this system is a
diesel engine or turbine which serves as a prime mover for
the 3-phase synchronous machine (SM). The 3-phase output
of the machine is rectified using an uncontrolled rectifier.
The rectifier output voitage is denoted v,. An LC circuit
serves as a filter, and the output of this filter is denoted v u.
A voltage reguiator / exciter adjusts the field voitage of the
synchronous machine in such a way that the source bus
voltage v is equal to the commanded bus voitage v;,. The
source bus is connected via a tie line to the load bus, the
voitage at which is denoted va;. The load bus consists of a
capacitive filter (which includes both electrolytic and
polypropylene capacitance) as well as a 3-phase fully
controlled inverter, which is in turn supplies an induction
motor. The induction motor drives the mechanical load.
which is rotating at a speed ®mim. DBased upon the
mechanical rotor speed, and the desired electromagnetic
torque T,,, (which is determined by the controller
governing the mechanical system), the induction motor
controls specify the on/off status of each of the inverter
semiconductors in such a way that the desired torque is
obtained. Although this system is quite robust with regard to
overcurrents. and simple to design from the viewpoint that
the controller governing the mechanical system is decoupled
from the controi of the electrical system (since the torque can
be controller nearly instantaneousiy), such systems are prone
to be subject to a limit cycle behavior in the dc bus voltage
known as negative impedance instability.

1L CAUSE OF NEGATIVE IMPEDANCE INSTABILITY

In order to gain insight into the cause of negative
impedance instability, it is appropriate to set forth a highly
simplified modei of the system depicted in Fig. 1. This
model will focus on the dc bus dynamics and need only be
valid in the tens to hundreds of hertz band. An appropriate
model of the synchronous machine / rectifier and LC filter is
illustrated in Fig. 2. Therein, the dynamics of both the
prime mover and voltage regulator are negiected since these
are subject to long time constants imposed by the prime
mover inertia and synchronous machine field, respectively.
The dc voltage behind inductance and resistance
svnchronous machine model is based on the work set forth in
[1], which has been shown to have exceilent bandwidth. In
Fig. 2,




v d'a__, Vol. Reg./

Te.d&t —> M

Exciter Coatrols O, im
v, Ves , v \ Labes
—@ A m%- S Em— J;‘ - ﬁ M o Mechanical
3-¢ LC Tie Line Capacitive 3-9
Uncontrolled  Filter Filter  Fully Controiled
Rectifier Inverter
Figure 1. Electric propuision system.
where it is assumed that the instantaneous power is equal to
E=omm (X{,’) . (X{,’) 2 M the instantaneous power comand P* defined as

where ©,.m is the electrical rotor speed of the synchronous
machine and A/ and A are the q- and d-axis subtransient
flux linkages, o is the firing angle relative to the
subtransient back emf, L() and L«(B) are the commutating
and transient commutating inductance's defined by

Lo(B)= SLY +L) + (LY - LPsinB +3) @
and

LBy =L" +L+(Ly - Lsin2B - ) 3)

where B is the firing angie relative to rotor position and Ly
and L/ are the synchronous machine g- and d-axis
subtransient inductance’s, 7 is the synchronous machine
stator resistance, L, and ry are the inductance and resistance
of the LC filter inductor. and Cy is the capacitance of the LC
filter capacitor.

A highly simplified model of the capacitive filter and
induction motor is illustrated in Fig. 3. Therein, the drive is
modeled as a dependent current source equal to the
instantaneous power P divided by dc link voltage vis and

3
L) L 1y

\

Synchronous Machine/Rectifier Filter

Figure 2. Simplified modet of synchronous
machine/rectifier and fiiter.

P = 0imimle e))

In (4), T%is an instantaneous torque command which is the
input to the field oriented induction motor control.
Typically, the instantaneous torque command T, is set
equal to the desired torque 7.us. However, the control
algorithm proposed in this paper will possess an alternate
relationship.

Upon negiecting the tie line, which is generaily short in
an electrical sense for the frequency range of interest, the
component models illustrated in Fig. 2. and Fig. 3. are
combined as in Fig. 4. Therein.

Le=LdP)+Ls (5)
Re=2Lo(B)Orsm + 2rssm +7f 6)
Cg = Cf‘f- C,‘ (7)

Ves = 3"5 £ cos (o) (8)

In (5-8), o and B can be found by steady-state analysis of the
load commutated converter rectifier system as set forth in
[2]. However, assuming the rectifier is uncontrolled the
calculation may be made much simpier by negiecting
subtransient saliency whereupon

Ldci

+ L
Vdci Ci P
T Viei

Figure 3. Simplified capacitive filter,
induction motor drive model.
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Figure 4. Highly simpiified dc link model.
oa=0 )

and the commutating and transient commutating
inductance's are no longer a function of (. Furthermore,
due to the action of the voltage regulator, the subtransient
inductance's will have a value such that

Ves = Vg (10)
5o that no subtransient information is actuaily needed. It
should be cautioned that this model is intended for
explanation purposes and for guidance in designing controi
algorithms, not for high-fidelity simuiation or for the testing
of control algorithms.

In order to utilize this equivalent circuit to predict
negative impedance stability, note that linearizing the input
current with respect to input voitage about an operating point
wherein v 45 s equal to v yields

Nidey =LAV (11)

Vdes

from which it is apparent that the inverter presents an input

impedance of

Vdcs
Zim = R (12)
As can be seen, in a small signai sense the inverter appears
to possess a negative impedance which. from an intuitive
point of view, wouid seem to be destabilizing.

In order to verify this conclusion, repiacing the
dependent source representing the inverter with its small
signal equivalent impedance. yields the following smail
signal model of the equivalent circuit

al A = = [ s L]
Z;l_ s | = = Avaci ¥ Ol_lAvex
e v Ca
(13)
which has a characteristic equation of
.2, Re _P° (1 PR.) _
A +(—G-—C‘v§d)1+kL.C'—CJ«} =0 (14)

From (14) it follows that necessary conditions for stability
are that

V.2
}jf‘ >R, (15)
and that
Re  P°
Sey L 16
Lq Cev;; ( )

Physicaily (15) is a steady state limit on the amount of
power which can be transferred and is normaily satisfied in
practice. In the case of (16), it can be seen that a given
system will eventually go unstable as the power command is
increased. To avoid instability, one method is to simply
increase C. until the system is stable to the maximum
possible power command. However, this has the
disadvantage in that for very large drive systems the physical
space, weight, and cost of this capacitance become issues.
especially considering the fact that the applications are
largely mobile in nature.

IV. LINK STABILIZING FIELD - ORIENTED CONTROL

In this section, an algorithm which improves the
damping of the dc link by eliminated the negative impedance
effect over a prescribed bandwidth is set forth. This
algorithm is based upon the fact that torque control in a field
oriented drive is nearly instantaneous. As mentioned
previously, typically the instantaneous torque command T is
set equal to the desired torque T..sas determined by the
control algorithm governing the mechanical system.
However, herein it is proposed to determine the
instantaneous torque command as

T: = (?i) T des (16)
V dei
where v 4, is the filtered dc inverter voltage, i.e.,
av gei _Vda — V dei
7ok = an

and the parameters and n and t are conmsidered to be
constants herein but could also be made to be a function of
operation point.

The advantage of this simple though noniinear control
algorithm is that it is extremely straightforward to
impiement vet highly effective in mitigating negative
impedance instabilities. In order to illustrate the effect of the
algorithm on the system note that using the control law input
power into the inverter is given by

p=(22) Pu (18)




where

Pes = Te des@rm (19)
From (18) the input current may be expressed
vt
idg = .ia Pde: (20)
V dci

Linearizing (20) about the desired operating point(vVee = Vies

) yields
2
7. =L Vi
il n—lPd.,

@1

If T so great as to not interact with the dc link dynamics and
n is selected to be unity then the input impedance presented
by the inverter is infinite over the frequency range over
which negative impedance instabilities occur, thus avoiding
this type of instability.

Although the explanation of the previous paragraph
illustrates the basic philosophy of the controi, the
possibilities of the controi are much richer than is indicated
therein. In particular, by suitable selection of T and 7 a
large variety of behaviors can be obtained. In order to see
this it is helpful to first set forth the nonlinear differential
equation governing the dc link dynamics in the presence of
the new control. In particular,

| Re )
T EE T iy
Zl Vda | T .LJ_‘. 0 0 Vig |t %(%) +
V dei " 0 L L |lVa 0
T
10 0fve 22)
Linearization of (22) yields
R. 1
( Ai, . L 0 A,
4 ava |=| & (n—l)i—zl -n% Avas |+
|_ AV 4 0 1 1 AV 4
T
T
1o o]av. (23)

In order to illustrate the effects of varying nand T,
consider the case of a system in which v; =400 V,
R.=458Q. L,=139 mH, and Cr=51.4 pF. These
parameters correspond to a test system which was used for
laboratory demonstration. Fig. 5 illustrates the root loci of
the characteristic equation as < is varied from 0.1 msto 1 s
(24) for n=1.3,5, and 7 (It shouid be noted that n does not
have to be an integer). As can be seen. in each case the root
locus contains an unstable complex pole (denoted A and A*)
for smail values of T which becomes stable as 7 is increased.
For all n shown in Fig. 5 the real part of the eigenvalues
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Figure 5. Root Locus as t and » are varied.
becomes more negative as T in increased. In addition.

initially the complex part also decreases. In the case of n =35
eventuaily the complex pair becomes real (point B) and then
one of these real roots meets the root corresponding the filter
at point C, at which this pair of eigenvalues becomes
complex. In the case of » = 7 the two complex poles
eventually become real at point D; after which the pair
moves away from each other on the real axis.

Fig. 6 illustrates the damping of the complex pole pair
as n and 1 are varied. Note that for each value of 7 there is a
value of twhich maximizes the damping. It is also apparent
that, generally speaking, as 7 is increased the damping can
be increased.

Since the control law is noniinear, it will of course be a
function of operating point. and so it is important to
investigate the performance of the control as the operating

n=1

TS

Figure 6. Damping factor versus t and .
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point (primarily through power command) is varied. Fig. 7
{llustrates the root locus of the system as power command is
varied with (n=1,t=4ms),(n=3,t=2.4ms),(n=5,7t=
2.7 ms), and (7 =7, t=3.1 ms). In each case T was selected
so as to maximize the damping factor of the complex pole
pair. As can be see from Fig. 7, at low power the complex
eigenvaiue of the system is at point (A,A*) irregardless of n.
In the case of (n=1), the location of the roots is power level
independent. However, in the case of n=3 the complex pair
moves to (B,B*). Finally, in the case of n=3, and n=7, the
complex eigenvalues become real at poimt C and D,
respectively. This illustrates an important feature of the
proposed control law which is that although with the
standard control (7=0) the system becomes less stable as
power level increases with the proposed control law the
svstem actually becomes more stable as power level
increases, with the exception of (#=1) in which case the
eigenvalues associated with the dc link become largely
operating point invariant.

V. IMPLEMENTATION

Before setting forth the implantation of the proposed
controller, it is appropriate to first consider a standard field
oriented control such as the rotor flux indirect field oriented
control illustrated in Fig. 8 (note that the controi proposed in
this paper, is, however, independent of whether or not the
field oriented control is direct or indirect). Therein. an
instantaneous torque command 7. is the input to the
controller. This torque command is equal to the torque
desired by the controller governing the mechanical
dynamics, Teqs. As can be seenm, based on the torque
command T and desired d-axis rotor flux level A3, the
desired q- and d- axis stator currents, if; and i, are
determined. This calculation is a function of the induction

motor rotor magnetizing inductance L., the induction motor
rotor inductance (rotor leakage plus magnetizing) L/,, the
rotor resistance %, and the number of poles, N,;». Based
on the g- and d- axis stator currents the electrical radian slip
frequency, @,m, is determined. which is then added to the
electrical rotor speed ©,min order to determine the electrical
speed of the synchronous reference frame ®.;m, which is
integrated in order to determine the position of the
synchronous reference frame 6.;,. In addition to the
algorithm illustrated in Fig. 8, especially in large drives, the
field oriented control wiil often include on line parameter
identification algorithm to compensate for variations of the
rotor time constant. .

Once the q- and d-axis current commands and the
position of the synchronous reference frame are established.
these currents may be synthesized in a variety of ways.
Herein, the q- and d-axis current command was transformed
back into a abc variable current command which is an input
to a hysteresis type current control.

Incorporating the link stabilizing control into the field
oriented control is quite straightforward. In particular, the
only difference in the control is the instantaneous torque
command is generated using (16) rather than being set equal
to the desired torque, as is illustrated in Fig. 9.

VL EXPERIMENTAL SETU?P

In order to illustrate the experimental set up a system
such as the one depicted in Fig. 1 was constructed at a low
(3.7 kW) power level. The prime mover was a dynamometer
in speed control mode. The parameters of the 3.7 kW
synchronous machine are listed in Table 1. Therein, all
rotor parameters have been referred to the stator by the
appropriate turns ratio. A solid state exciter voltage regulator
was used to control the dc link voltage: a block diagram of
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Figure 8. Rotor Flux Oriented Indirect Field Oriented
Controt. '
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Figure 9. DC link stabilizing control.

this control appears in Fig. 10. The LC filter, transmission
line, and inverter capacitance parameters are listed in Table
2. Finaily, a 3.7 kW induction motor was used as a load-
Induction motor parameters are listed in Table 3. The
induction motor control was implemented based on the
indirect rotor flux strategy, and the current command was
svnthesized using hysteresis current control with a hysteresis
band of 0.95 A. The link stabilizing controller parameters

were n=1,1=4ms,vdcm."=200V, andvdcmx=600V.

Table 1. Synchronous machine parameters
P, .,=382mW | L,=083mH pP=4
L,=135md | L ,=397 mH n_=0.0271
ro;=318Q | Ly, =613mH | ry=122mW
Ty = 0923 Q Ly ;=34mH Ly, =2.54 mH
Py =4047Q | Ly, =473 mH
rp= 1310 Ly, =3.68 mH

VIL VALIDATION

The performance of the link stabilizing field oriented
control was validated using both a detailed (as opposed to
average value / reduced order ) computer simuiation and in
hardware. For the purposes of computer simulation, the
synchronous machine and induction motor modeis used were
those set forth in [3]. In the case of the salient poie
synchronous machine, magnetic saturation was represented

Vdcr__I
Ki
ey
K =3 K.=1

Figure 10. Voltage reguiator/exciter.

Table 2. Passive component parameters.
L,=4.69 mH =154Q C.=10.1 uF
_Lﬂa:’f 28.8 uH Uine = 273 mQ C,= 413 yF
Table 3. Induction motor parameters.
r. =400 mQ L, =573 mH L, =643 mH
r'=22TmQ | L,'=494mH pP=4

in the d-axis. The simulation inciuded the switching of each
power electronics device. Semiconductor conduction losses
were included. however switching losses were neglected.

Figure 11 illustrates the simulated performance of the
system as the desired torque is changed from 2 to 19 Nm
over a period of 100 ms. Variables depicted included the
commanded a-phase current i, the actual a-phase current
i., the dc inverter voitage v., and the electromagnetic
torque T,. Although the actuai torque closely tracks the
desired torque, it can be seen that as the power command
increases the dc bus voltage becomes unstable, stressing both
the semi-conductors and the capacitors. In a typical system,
such behavior couid easily resuit in the semiconductor and/or
capacitor failure. The experimental system has been
constructed so as to be able to survive the overvoitages. Fig.
12 depicts the same study as measured in the laboratory. In
Fig. 12, the instantaneous electromagnetic torque is not
shown because suitable instrumentation was not avaiiable.
As can be seen there is a reasonable correspondence between
Fig. 11 and Fig. 12 with the exception that the actual system
appears 1o be less stable than is predicted by the simulation.
This is because the power requirements of the actual drive
system are greater than the simulated system because of
switching losses (It should be noted that the magnitude of
the voltage swing increases very rapidly with power level).
In addition. once a system becomes unstable it tends to be
very sensitive to parameter variations.

Fig. 13 depicts the performance of the same system
with the link stabilizing field oriented controi as calculated
using the computer simulation. As can be seen, according to
the simulation the torque still closely tracks the commanded
torque, however in this case there is no evidence of
instability. Fig. 14 illustrates the system performance as
measured in the laboratory. As predicted, the dc bus voitage
is well behaved and the dc link bus voltage is stable.

One concern which may arise is a possible reduction in
torque bandwidth since a drop in inverter voltage will resuit
in a transient dip in torque. The detailed computer
simulation was used to investigate this effect since the
primary variable of interest was the electromagnetic torque.
Fig. 15 depicts the predicted change of performance of the
standard field oriented controi as the torque command is
stepped from 2 to 19 Nm. As can be seen the
electromagnetic torque reaches the commanded value in
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oriented control during ramp increase in
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Figure 12. Measured performance of standard field
oriented control during ramp increase in
desired torque.

approximately 5 ms. The torque response is not
instantaneous due to the fact that a step change in current
cannot be achieved in practice and because the dip in link
voltage causes a temporary loss of current tracking in the
hysteresis current control. Fig. 16 depicts the response of the
link stabilized field oriented control. In this case, the
electromagnetic torque reaches the commanded value in the
order of 8 ms. Although the link stabilized control is
somewhat slower than the standard field oriented control.
this slight reduction in bandwidth is not a significant
disadvantage in view of the improved dc bus voitage. This is
particularly true in the fact that most propuision systems
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Figure 13. Simulated performance of link stabiiized
field oriented control during ramp increase
in desired toraue.
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Figure 14. Measured performance of link stabilized
field oriented control during ramp
increase in desired torque.

have mechanical inertia such that in either case the torque
response may be considered to be instantaneous.

VIIL CONCLUSIONS

A straightforward but nonlinear control algorithm has
been set forth which can be used to mitigate negative
impedance instabilities. The effectiveness of the control has
been demonstrated both through the use of computer
simuiation and in the laboratory, and found to be highly
effective in eliminating negative impedance instability. The
primary disadvantage of the control is a slightly slower
torque response. In addition to being applicable to induction




550
Vacir ¥ A VAV A wa
\ *“\,,
250 N
25
T, Nm A/ 10
0 4 ms

Figure 15. Simulated performance of standard field
oriented control during step change in
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Figure 16. Simuiated performance of link stabilized
field oriented control during step change
in desired torque.

motor drives, the control algorithm could also be used with
other types of machines in which rapid torque control is
possible, most notably permanent magnet synchronous
machines.
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Appendix B
Modeling Consideration in a 15-Phase Induction Motor Drive System

L INTRODUCTION

This analytical work set forth herein is the basis of both
the detailed and average value models used in this SBIR
Phase I effort. The work has been documented in journal
format so that it may be published in the technical literature
at a future date.

IL SYSTEM DESCRIPTION

Fig. 1 illustrates the inverter topology of the 15-phase
induction motor drive system which is the subject of this
analysis. As can be seen, the inverter is comprised of three
dc rails. each of which is connected to five H-bridge
inverters. These inverters are designated 4, where the i'th
H-bridge supplies the i'th phase of the machine. The phases
of the machine are in turn labeled such that the fundamental
component of the i'th phase is displaced (i-1)24° (electrical)
from the lst phase.

The voitage vector vgwill be used to designate the
individual rail voitages, i.e.,

T
vdcz[ Vdey Vde; Vdey ] N

and similarly the current vector iq will be used to designate
the dc link currents

3 - . . T
ldc=[ idey ldey ldey ] 03

The configuration of each H-bridge is illustrated in Fig.
2. Therein each semiconductor actually represents a number
of devices in series, as necessary to achieve the required
voltage blocking capability, and D, through Da, designate
the on/off status of each of the active semiconductors of the
i'th bridge, and vs,, is, and i denote the i'th phase
voltage, the i'th phase current (defined positive into the
machine). and the dc link current into the i'th H-bridge,

respectively. The switching state of the /'th H-bridge is
defined as
1 Dy, and D4, on
si=3 0 (Dy,onand D, on)or (D, on and Ds,on) (3)
-1 Dz, and D;, on

and s will denote the vector of switching states.

The drive system under consideration will be controiled
using the field-oriented principal. The current command
will be achieved using a current controi algorithm that

regulates the current through a voltage command rather than
by a direct method such as hysteresis current controi. The
focus of this work is on the basic model of the machine and
inverter. Therefore, the discussion will concentrate on the
representation of only the innermost control loop, which is
based on the sine-triangie modulation strategy in which a
sinusoidal duty cycle reference is compared to a triangie

modulation waveform, as -illustrated in Fig. 3. The
switching signal for the i'th phase is then synthesized as
l ifS,"> d,‘
S"{ -1ifs, <d; ®)

The zero state is not being used in order to reduce common
mode link currents.

1. MACHINE VARIABLE INDUCTION MACHINE MODEL

The machine variable induction motor consists of the
stator and rotor voltage equations, the flux linkage
equations. and the torque equation. The stator and rotor
voltage equations of a symmetrical N-phase induction
machine may be expressed as

' Vs =rsig+ d:i\t’ 3)
and
i
+ |l | | |
Viei H, H, H, Hyp Hy
- | | | | |
»
+ | | | |
A7) H, Hs Hg Hy, Hyg
— { i l : | |
»
+ 1 | | [
Vi3 H, Hg Hg Hyy Hys
- | | | ! |

Figure 1. Drive topoiogy.
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Figure 2. H-bridge.

. dA,
Vr=rei,+ = (6)
respectively, wherein
f,-‘—{f;, Jrs oo fus ]T Q)
and
o= fur for || @)

where f can be a voitage v, flux linkage A, or currenti. As
can be seen, the distributed rotor circuits (which are

physically implemented with a squirrel cage type
construction) are represented on a 2-phase basis regardless of
the number of stator phases.

Upon neglecting the effects of magnetic saturation and
space harmonics. the stator and rotor flux linkage equation
may be expressed

1\, = Lgi: + L;rir (9)
Ar=LLis+Lni, (10)

In (9), the stator seif-inductance matrix is given by

1+

Figure 3. Sine-triangle modulation signais d;and ¢,

Lss = LisInv + LmeCos (11
where L is the stator leakage inductance. Iy is an N by N
identity mawix, L. is the stator magnetizing inductance, and
Css is a N by N matrix whose elements are given by

Cs, = cos((j - )2E) (12)
The stator-to-rotor seif inductance matrix L, may be
expressed

Lr=La| C, =S,

(13)
In (13), the elements of C-and S, are defined by
Car, =cos(8, - (i - )&y (14)
and
S5, =sin(®, - (i - 1)) (15)

respectively, L, denotes the maximum mutual inductance
between any stator and any effective rotor winding, and 8, is
the electrical rotor position, defined as P/2 times the
mechanical rotor position, 6,», where P is the number of

poles.
In (10), the rotor seif inductance is of the form

L,= (L{, +Lm,—)Iz (16)
where L, and Ln-are the rotor leakage and magnetizing
inductances. respectively.

From the flux linkage equations, the expression for
electromagnetic torque is readily established using coenergy
techniques. In particular. in terms of machine variables

Te= Lol -ST ~C. Jir (17
It should be noted that L,,, L.,, and L,are not

independent because they share the same magnetizing path.
In particular,

n?
Lons = R (18)
n;
Loy = R (19)
nen, *
Leg= . (20)

where n;and n, are the effective number of turns of the
stator and rotor windings, respectively, and R, denotes the
reluctance of the magnetizing path.




IV. REFERRED MACHINE VARIABLE MODEL

The next step in deriving the qd model for the induction
motor is to refer the rotor variables to the stator by the
appropriate turns ratio. In particular. it is convenient to
define the referred rotor voltage and flux linkage as

ns
v, = e 2h
1=
AL=ZEA, 2
The referred rotor current is defined as
i = 275i, 23)

where m is an integer which is dependent upon the
construction the qd transformation (this will be discussed in
a following section).

In terms of referred variables. the voitage equations
become

. dA
V=il +——

. -
=ril+— 25
vi=rlil+ s (25)
where the referred rotor resistance given by
m{ns\-
=) 26)
The referred flux linkage equations are given by
A = Lgis +L5iL 27
Al=LJi, +LLil (28)
In (25)
m
Ly = 2Ll Co ~Sir | (29)
and
L, = (L}, + FLmlz (30)
where
2
ns
Ly, = 7 ;,-,) Ly (€2))

V. QD TRANSFORMATIONS

The transformation of the referred machine variable
model to a qd model has several advantages. First of all. in
the case of detailed computer simulation, such a
transformation eliminates rotor position dependence in the
flux linkage equations so that the inverse inductance matrix
only has to be computed once in the event that flux linkages
are used as state variables. By choosing the stationary
reference frame, the reference frame transformation and its

inverse are also constant matrices which further promotes
computationally efficiency. In the case of average-value
modeling, seiection of a synchronous reference frame is most
convenient, as such a formulation wiil resuit in state
variables which are constant in the steady-state. Such a
description is readily linearized.  Furthermore, if the
dynamics of the system in which the drive is place are stiff, a
model in which the state-variables are constant in the
steady-state may be very efficiently solved using Gear's
method.

However, bevond the choice of reference frame for
detailed and average-value model, in the case of drive
systems with a large number of phases the construction of
the qd transformation. which is not unique, becomes an
issue. For exampie, for the 15-phase system considered
herein, the transformation could be made with a single g-
and d-axis and 13 zero sequence variables, two g- and d-
axis with 11 zero sequence variables. etc. As it turns out.
two particularty interesting choices are the use of five sets of
q- and d-axis with five zero sequence variables, and three
sets of q- and d-axis with nine zero sequence variables.
which correspond to the parttioning the machine into five
3-phase sets and three 5-phase sets, respectively.

The construction of a qd transformation based on five
3-phase sets is straightforward to construct because on a
3-phase set basis it is identical to the classical 3-phase qd
transformation. In this case the transformation is
constructed by dividing the fifteen phases into five 3-phase
sets and arranging the elements of the conventional 3-phase
qd transformation accordingly. In particular, the stator and
rotor transformations may be expressed as

faas = Kfs (32)
and
foar = K A7 (33)
respectively. In (32)
r T
foas = | fadny foase fqdry fqaes fodsy ] (34)
where
r T u
foas = L Sasi Jasy Josi ] (35)
In (33)
r T .
fqdr‘—‘!_fqr fdr :] (36)
The stator transformation matrix is given by
: Ksu e Kfn
'_ K!sl T Km




where all the elements of K., are zero except for the for the
following:

Ko = 2eos@-(5G-D+i=DIP 69
(Koo =2sin®-(5G-D+i-03D 69
Koz =3 (40)

where 9 is the position of the arbitrary reference frame. The
rotor transformation matrix is given by

_| cos(6-8,) sin(®- 8,)
K= { sin(@ -8,) —cos(6-6,) } “h

Transformation of the stator and referred rotor voltage
equations (with m=3) yields

o D

Vas; =Fsigs +@Ads + _—dt (42)
d\
Vs, =Fslds, + ®Agg +—;:;'L (43)
d\
Vos, = rsias, + —6_1?,_, (44)
and
dhgr

Vqr='{iqr+(m‘mr)kdr+—-d';¥_ (45)

. dr
Var=Pig—(©—0)hgr +-7;5 (46)

respectively, where i € 1,5. Transformation of the referred
stator and rotor flux linkage equations (again, with m=3)
vields

Aas; = Lisi as, + A dm (48)
and
hgr = Liyigr +ham 49
Aar = L;rid, + X dm (50)
where
S
k,,,,,:L,,.(_Zl igs, +iq,) 51
s
Adm = L...(_Z‘ fgs + idr) (52)
and
Lm=2Lms (33)

Finally, the electromagnetic torque may be expressed

M

T, =

[S 1]

£ 2 Cuanten = hgmian) (54)

1

The qd equivalent circuit corresponding to (42-52) is
illustrated in Fig. 4. As can be seen the equivaient circuit is
comprised of a g-axis circuit. d-axis circuit, and five
identical and non-coupled zero-sequence circuits.

g1 s L, ®r Agsi
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Vast » @, Ay
+—)——'\/\/‘-’W6\—@—
Vs2 iqs_; mrkdc.i
T
Vos3 iq“ mrkdw
AT

i€l-5§

Figure 4. Five 3-phase set QD equivalent circuit of
15-phase induction machine.




The 3-phase set based equivalent circuit has several
attractive characteristics.  First, the transformation is
essentially identical to the standard 3-phase transformation,
at least on a per set basis. Second, the zero sequence circuits
are identical and decoupled. In addition, the equivalent
circuit is very suggestive from a controi point of view to
handle the situation in which one H-bridge is disabled. For
example, suppose that the drive is used in the context of a
field-oriented control system and a fault is detected on one
H-bridge corresponding to one phase of the i'th 3-phase
stator set. Then the i'th q- and d-axis current command
would be set equal to zero, and the other two H-bridges
associated with the 3-phase set would also be disabled. Next.
the total d-axis stator current command wouid be maintained
by increasing the d-axis current command in the other for
sets, sO as to maintain constant rotor flux. Depending upon
the torque command the g-axis current commands in the
other phases couid be increased so as to maintain constant
torque, unless the current command has reached its limit in
which case the torque output would be forced to decrease.
Even so, this strategy has advantages in that machine
operation would be balanced which would avoid unexpected
thermal losses and torque harmonics.

Another useful choice of reference frames is based on a
5-phase set based approach with three q- and d-axis and nine
zero sequence variables.  This choice is particularly
convenient because such a construction associates groups ail
the phases connected to a given dc link into a set. Before
considering the full 15 by 15 transformaton. it is appropriate
to set forth the transformation of a 5-phase set to q- and
d-axis variables. Such a transformation may be expressed as

faass = Kssfss (55)
where
fso=[ fis o fis | (56)
and
T
foase = fur fur fas fus fos | (57)

In order to derive the construction of Ks,, it is convenient to
express it in terms of rows as

q1
Kse = :

‘ (38)
qs

where q; denotes the i'th row of Ks,. The first and second )

rows of Ks.formuiate the q- and d-axis. From geometrical
arguments, the first two rows may be expressed as

]

q1
%[ cos(8) cos(® - <) cos(® - 2y cos(O - i;‘-) cos(8 - &) ]
(59)

2
[ sin(@) sin(® — '-f-) sin(©@ — ﬂ) sin(@ — %") sin(® — ESE) ]

, (60)
It is convenient to define the third row of the transformation
as

61

With this definition, fo is the instantaneous average phase
current in the 5-phase set. Furthermore (61) is clearly
orthogonal to both (59) and (60). Definition of the other
sequence variables. fusand fps, is somewhat more difficuit
because it is not clear what the physical interpretation, if
any, should be. Herein, the row vectors gqsand gswill be
obtained using the Gram-Schmidt algorithm. in which a
non-orthogonai set of basis véctors is transformed to a
orthogonal one. The non-orthogonal set is assumed to consist
of q1,92,93,24, and as, where, as previously noted, qi
through q; are aiready mutuaily orthogonal and

as=[10000] (62)
as=[01000] (63)
which yields
1
qs=
V2
[2 —l—Zcos%E - —Zcosis’l —1—2cosis’5 - —Zcos-:s‘l}
(64)
and
Q5 = ———2——
5 /150 +100cos ¥
[0 2-2cosE -l-4cosE -1-dcos T -3-2cosF :ll
(65)

Thus the 3-phase based transformation is given by

[ cos®) cos(® - &
sin(8) sin(@ - =)§)

- z
Kss = 3 1 -l—Zcos:Tx
A 2 /3
J2 2J2
0 2-250527"
L JlSOHOOcos-"SL




cos®-L)  cos(®@-F) cos®-F)
sin@-F)  sin@® - £y sin@®- 8my
1 L L
3 P 2
-i-2c0s & ~1-2c08 & -i-2cos & (66)
22 22 2,2
~1-dcos & ~1-dcos £ -3-2cas
ey | _ees TS
[soni00cs . [150r100ces  [150+100con 3

The extension of the S-phase transformation to the
15-phase case begins with the definition of the fuil 15-phase
stator transformation. In particular,

faas = Kofs 67
where
T
foas =[ faasy fqds; fods, ] (68)
and
T
foas, = ‘: Jasi Jasy Josy Sasi Jos ] (69)

It should be noted that the same symbolism is being used as
in the previous 15-phase transformation. However, this
should not arise because the two transformations are never
used at the same time. In this case, the transformation K.is
formed so as to apply Ks, to three independent 5-phase sets
(this will require adjusting the phase of the reference frame
position dependent terms). This yields

K.,
K.,
K.,

K,= (70)

where all elements of K, are zero except those in the i'th.
3+i'th, 6+i'th, 9+i'th, and 12+i'th columns. In particular. the
j'th column of K, is given by

%2008(6—(/'—1)-% ]
$sin@-( - D3

J'thcolumn(K,,) = (Kss); s (7D
[KSsL‘#
[KSJ]s_/_'TM.
where
JeL3+i6+i.9+i,12+i (72)

The rotor transformation is identical to that given by (33)
and (41).

The next step is to actuaily transform the referred
variable machine model (with m=3) using the transformation

set forth in (67). The stator and rotor voltage equations

become
. dhgy
Vasi = Fslgs TOAds, T dt (73)
ar
Vds = Fslds, — Ohgs, +T:"' (74)
. dhog
Vas; = Fslos + ;;’j:—'- (75)
V(_y" r:i sy T+ ;f" (76)
Vo S7sips + —d’:ﬂ' an
and
d\
Vor = )J,iq, + (o "'Cl)r)}\-dr + d;r (78)
Var = iy = (@ = @) hgr + a’)\._d ?r (79)

where i € 1.2,3. The flux stator linkage equations may be
expressed as

;‘-q;, = ngiq:, + ;\-qm (80)
Adsy = Lisi dsy + Am (81)
s = Lisias (82)
‘A-cu. = LLfiCLn (83)
+8s = Lisips, (84)
and the rotor flux linkage equations as
hgr = Lisiqr + ham (85)
Adr = Lisidgr + Adm (86)
where
3
7\.q,n=Lm(Zliq:, +iqr) (87)
3
xd,,=Lm(z1 fao i) (38)
and )
Lm= %Lm (89)
Finally, electromagnetic torque may be expressed
sp(, & L &,
T.= EEI\"'d"'mZI Lgs; = A.qmzzl Id_,,) 90)

The three 5-phase set based qd equivalent circuit of the
induction machine is iilustrated in Fig. 3.

VL DETAILED INVERTER MODEL AND DRIVE SIMULATION

The detailed simulation of the inverter drive makes use of
a machine variabie inverter modei and the 3-phase set based
qd model in the stationarv reference frame. The state
variables of the electrical system wiil be the stator and rotor
flux linkages. The simuiation structure is illustrated in Fig.
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Figure 5. Three 5-phase set QD equivalent circuit of
15-phase induction machine.

6. The algorithm used to calculate the derivative of the flux
linkages based on the input and state variables is as follows.
First, given the flux linkages, the qd currents are found by
solving (47-52). From the qd current vector the machine
currents are found using the inverse transformation (which is
constant if the stationary reference frame is selected. and
sparse). Next the switching state vector is found in
accordance with (3). Based on the switching vector s and the
machine current isthe voltage vector can be found. In
particuiar.

N

Sine-triangle{ S |Detailed V;"qd.; QD Machineg—> T,
S

Algorithm Inverter Model
Model —‘ :
1
¢ __I N e ads
l s
ide’ﬁ >ix
Figure 6. Detailed simulation structure.
vdcj—‘lv, ifs;=1 andi, 20
Vae, +2va if si =1 and i, <0
vy =y T ¥ o1

~Vde, +2v, if 55 =-landi,, <0
~Vde, -2vg ifsi=-land i;, >0

where j corresponds to the dc link of the i'th phase. The dc
current into the /'th H-bridge is given by

. i;, ifSi =1
= 92
I.ddl' { _’,:‘ i.fSi =-1 ( )
Finaily, the dc link current may be expressed
5
idC! = Z idchgu_l).j (93)
il

=

where j € 1,2,3. Based on the machine variable voltage
vector determined by (91) the qd varables whereupon
(42-46) may be used to calculate the time derivative of the
flux linkages.

VIL AVERAGE-VALUE INVERTER MODEL AND DRIVE
SIMULATION

The average-value model presented herein is based upon
the 5-phase set based qd model using a synchronous
reference frame. The first step necessary in order to
formulate the complete model is to determine the input
voitage vector V.4 (the line indicates fast average value)
based upon the dc voitage vector V4 and the qd duty cycle
vector d 4, . (obtained by transforming 4 to qd variables). For
the normal situation in which the sine triangle algorithm is
not overmodulated d,4 is such that

ldil<1liel..l5 (94)
it can be readily shown (since the fast average of the output
voltage is directly proportional to the input voitage) that

Vads) = Vic;ddgy J € 1.3 (95)

In the overmodulated case. which is to say that




ldil > 1 (96)
for some i, then assuming the instantaneous overmodulation
is due to the g- and d-axis components rather than the zero
sequence components (which is normally the case since the
zero sequence components are normally zero) then using
Fourier analysis to extract the fundamental component it can
be shown that

_ d ‘
Vad =vdf-‘}—di'f(|ddq,|) jel.3

on
|dagy |
where
|dag| = [d%, +d2, (98)
and
\ 2
Ax) = -,';(xarcsin(l/x)%— }1-(;-) ] (99

Once the qd input voitage has been established. the qd
machine model may be used to determine the qd current
vector and calculate the derivative of flux linkages. It can
also be used to calculate the electromagnetic torque, as is
necessary to compute the mechanical dynamics. In order to
interface the drive simulation to the rest of the electricai
system (the dc supplies) one further calculation is necessary-
that is the calculation of the dc link currents. This is based
on power balance.

In the case of the five-phase transformation (66), it can
be shown that the power into a five-phase set is given by

P= -i-(vq,iq, FVaeias + 2(Vasias + Vasias + VBsips)) (100)
Therefore the power into the j'th dc link is given by

5 . . . . .
P =35(Vasyiqsy +Vaslas + 2(vosyios; +Vagias + Vs Bs;))
(10D

The power into the j'th link may also be expressed as
P; =V (102)
Equating the two resuits and incorporating (95) yields

fdey = Hdgsigs +dasi s + 2dosios + dasias +dpsis)) (103)

or, in the case of overmodulated operation

ﬂ‘ddm b

i = %(dq,iqs +d g gs + Udosios + dusias + dpsips) 7]
dqy

(104

The structure of the average value is illustrated in Fig. 7.
Therein. all qd variables and electromagnetic torque should
be interpreted on a fast average basis. and the qd machine
model is the three 3-phase set based model in the
synchronous reference frame.

[—
e

e Average-value! Vgds - —>T,
d:[d —1  Inverter QD%%‘:?“ e
Model - > 1o

1 1

l7c €

Figure 7. Average-value simuiation structure..




Appendix C
Control of a 15-Phase Induction Motor Drive System

L INTRODUCTION

The work set forth herein has been conducted for the
SBIR Phase I. In particular, in order to include the IPS drive
system load a substantial effort had to be placed into the
control design. The work has been formatted in journal
format so that it may be published in the technical literature
at a future date.

II. SYSTEM DESCRIPTION

The application of the drive system under consideration
is a Naval propulsion system illustrated in Fig. 1. Therein, a
turbine is the prime mover for a 3-phase, 60-Hz, 20 MW,
4160 V 1-1 rms synchronous machine, whose output voltage
is controlled by an IEEE Type 2 excitation system. The
principal load on the bus is a 19 MW induction motor drive
system, although the synchronous machine also provides
ship service power. Parameters of the synchronous machine
and exciter are listed in Table 1.

Table 1. Synchronous Machine / Exciter Parameters
ro=127mQ|L, =39 pH | L, =251H |1, =2 79mH
r,=5.26 MQ| L, = 157 pH| ry = 474 pH | L, = 69 8
r= 401 pQ |L,,=227 pH P=2 T,=1ms
Vo= 4160 V Varax™ - SPU VRvan™ Opu |K;=0.03
k,=400 |T,=20ms |Kp=10 T=0.8s
Ty =10s |Tp =10s |Sg;s=035 Sg;0,=0-86

Fig. 2 illustrates the inverter topology of the 15-phase
induction motor drive system which is the subject of this

Exciter

Motor

Power _h-@::
Converter
3-, 60Hz 15-9, 0-15Hz
21 MW 19 MW
Ship
3-¢,4160V Service
AC Distribution
Bus

Figure 1. System Architecture.

analysis. As can be seen from Fig. 1, the motor power
converter is divided into three parailel rectifier - dc link -
inverter paths. In each path, a 6-pulse uncontrolled rectifier
output is filtered with an LC circuit (Lf= 3mHand C,=1
mF), the output of which is connected to five H-bridge
inverters, wherein H; designates the i'th H-bridge which
controls the applied to the i'th phase of the machine. The
phases of the machine are labeled such that the fundamental
component of the voltage applied to the i'th phase is
displaced (i-1)24° (electrical) from the first phase.

The voltage vector vg will be used to designate the
individual rail voltages, i.e.,

T
vdc=[ vdal dez Vdc; ] (1)

An identical convention will be used to identify the dc
current vector ig, the rectifier current vector i,, and the
rectifier voltage vector v,.

The configuration of each H-bridge is illustrated in Fig.
3. Therein, each semiconductor shown represents an
effective device which is physically constructed using a
series connection of several devices in order to achieve the
necessary voltage rating. The on/off status of each effective
switching device in the i'th bridge is designated D1, through
Da,, and vy, is,, and i 4 denote the i'th phase voltage, i'th
phase current (defined positive into the machine), and the dc

link current into the i'th H-bridge, respectively. The
switching state of the i'th H-bridge will be denoted
1 Dy, and Dg4, on
s;i={ 0 (Dy,onand Dy on) or (D on and Dq,0n) )]
-1 Do, and D3, on

and s will denote the vector of switching states. The goal of
the controller set forth herein will be to specify s as a
function of time in such a way that the electromagnetic
torque T closely tracks the desired torque T,.

1L INpucTION MOTOR MODEL

The control of the induction motor is formulated on the
three 5-phase set based qd transformation as set forth in
Appendix B. In particular, the stator transformation may be
expressed as

fqd.w =Kqfs 3
where
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Figure 2. Motor Controller.
T
f*" =[ffl f:ms .f:‘M ffiw ffmz ] (4) In (6)
B =0c—(i- 1)-1"3 @)
foas, = [ Sasi Sas Josi Sos fps }T (5) Wwhere 8.is the position of the synchronous reference frame.

The rotor transformation is given by

i e 1,2,3, f may be a voltage v, current i, or flux linkage A ,

aIld fqdr = Krfr

8
where
cos(B,) cos®e, - 2?")
sin(@,,) sin(©@, - £ ¥
1 1

Ldch,i

P 2

K" =% 1 —1—2cos%5
¥E 1z Dy; ‘H: Dy; ‘i
0 2—20053,5

| [150+100cos 22 + Vs, -
T 1
cos(@e, — %) cos(Oe — F) cos@e—F 5i

sin®., - %) sin®, -9 sin@, - )
1 1 1

2

2

2

~1-2cos & -1-2cos ¥ -1-2c0s 2
22 2J2 242
~1-4cos E ~1-4cos £ -3-2cos &
|/ 150+100cos %5 J150+100cos = [150+100c08

©®

Figure 3. H-bridge.




=[ fur Sor ] )]
qdr‘[fqr fdr ] (10)
and
_| cos(®s-9;) sin(@. —6-)
K”[ sin(@, —0,) —cos(® -6, ] (1

In (11) 8, denotes the electrical rotor position. In terms of
qd variables, the induction motor stator and rotor voltage
equations may be expressed as

di
Vs = Fsigs) + Qelas, +-—d:i (12)
d\
Vs, = Fsids — @ ehas + 7;& (13)
. dhos
VO:, = r;lo;, + jd—l;- (14)
Vas = Fslas +—E‘;i (15)
dhps,
Vps, = Fsips + —d%' (16)
and , ) , d)\.Q,
vq,=r$xq,+(m,—a),)}»d,+—dt— an
7
v;r=r£i;,—(coe—m,)2.f,,+—&:—' (18)

respectively. Since the machine is of squirrel cage design,
the q- and d-axis rotor voltages are both zero. The stator
flux linkage equations may be expressed as

Ags; = Lisigs +hgqm 19
).ds, = Lz_gid_ﬂ +Adm (20)
Aos; = Lisias, @2n
}"Gsl = Llsiu.ﬂ (22)
Mpsy = Lusips, (23)
and the rotor flux linkage equations as
Ar = Lisite +Agm 24)
ALy = Lisily, +Nam (25)
where
3
Agm =L,,,('21 Igs +i{,,) (26)
3
Ncim =Lm(_z1 fa +i;,) @n
Finally, electromagnetic torque may be expressed
T,= %g(xdmz gs ~ xq,,,z xd,,) 28)

The three 5-phase set based qd equivalent circuit of the
induction machine is illustrated in Fig. 4, and parameters are
listed in Table 2.

Table 2. Induction Motor Parameters
rS=122mQ L,S=6.79mH Lm=145mH
=35.7mQ L,r'=7.62 P=12

qu / ¥e L s o, ldxl
+
vqu i (Dr )"ds.?
qs2 C
+
v '
qSZ lqu O)r de.’ ((D—{Dr)kdr L’b- rlr ltq

Vqs.?

_.I
W —
o~
3
<
|7+

Lysi e iBs: Ts

+ +

Vasi qu VBsi Lls
iel-5

Figure 4. Three 5-phase set QD equivalent circuit of
15-phase induction machine.




IV. CONTROLLER ARCHITECTURE

The first decision to be made in the design of the
controller was the overall control architecture. Some of the
desired properties of the controller included that (i) it must
be stable, (ii) it is field oriented based so that the drive will
act as a torque transducer, (iii) the currents be tightly
controlled in order to protect the inverter semiconductors,
and (iv) the switching frequency should be a constant. In
regard to (i), most systems are inherently stable. However,
because of requirement (jii), that is the currents are to be
tightly controiled, this drive system exhibits a negative
impedance characteristic which makes the drive inherently
unstable. Requirement (i) is put in place because is
simplifies the system design in that the with a field-oriented
control the response of the torque response of the drive is
much faster than the response of the mechanical dynamics,
so that in designing the mechanical system controis the
electrical dynamics may be neglected. In addition, the fast
action of the field oriented control will be useful in
stabilizing the dc link, which as previously mentioned is
unstable if the motor currents are tightly regulated, which is

*

in tum a requirement designed to protect the inverter
semiconductors (by tightly controlling the currents the
semiconductors can be operated close to there maximum
current limit, which is important in large drive systems).
Finally, requirement (iv) is put in place so that switching
losses can be controlled independently of operating point.
These four constraints suggest the controller architecture
illustrated in Fig. 5. The structure of the controls closely
parallels that of the system in that there are three control
channels, one for each dc link. The primary input commands
are operation status, a torque command 7%, and a rotor flux
command Aj,. The first stage of the control is a paralleling
control which divides the torque command into three torque
commands corresponding to the amount of electromagnetic
torque is due to the g-axis current associated with each link,
T2, T%,, and T%;, respectively. The paralleling controls also
divide the d-axis rotor flux into the amount of that flux
which is to be contributed by the 5-phase set being supplied
by that link. These commands are designated Ag,, A, , and
Ays. For normal operation this process is very simple, as
illustrated in Fig. 6. In the case that, say, one dc link

Te, A AN 2
T .e* i¢
| Torque{ el 'as1 ol —
Limiter| , e* - Link >
dr! n
3| stabilizing || Tty fet
Control | %! S ds! —
— > >
T‘
. As .e* N »
status —>{ Parralleling e T, L fgs2 L iacez
Control | | Torque 5> - A > —>d_
Limiter [ke‘ Link i:sz Current i 5
2 Stabilizing | | mieer gy
imiter T >
- ) ) Control ([
¢ | Te3 As
Te3 ) e lA o
o* gs3 gs3
Mg > | Torque 37 ? ~r | ?
Bl Tt el (L8 [ o
ink Current Ids3 urren
> > > Stégﬂg:llg Las3 Limirer g/l &Il j —| Regulator
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Fioure 5. 15-Phase induction motor link stahilized indirect tield oriented controller.
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Figure 6. Paralleling controis.

becomes non-operational the torque and flux command is
divided between the two-remaining dc links. The next block
in the controls is a torque command limiter, as illustrated in
Fig. 7. Note that this limit not only bounds the torque
command but also the rate of change of the torque command,
if desired. The outputs ot: theAtorque l{miters are the link
torque commands denoted T3, , T7,, and T7;.

Based on the link flux linkage commands and the link
torque commands, the desired q- and d-axis currents for each
link i}, and iy, are established using the link stabilizing
control illustrated in Fig. 8. The function of this control is to
modify the qd current commands such that the negative
impedance instability is avoided. This is accomplished by
making the inverter appear to be an open circuit at
frequencies much greater than 1/t. Details are set forth in
Appendix A. The outputs of the link stabilizing control are
then passed through a current limiter, as illustrated in Fig. 9.
Note that the g- and d-axis currents are not limited
symmetrically. Instead, the d-axis current is given priority so
as to maintain the desired flux level. This is important
because it prevents a tramsient which invokes the current
limit from disturbing the rotor flux and thereby resulting in
loss of proper flux orientation.

Based upon the limited current command and the
mechanical rotor speed ®.m, the indirect field oriented
control illustrated in Fig. 10 establishes the speed and
position of the synchronous reference frame, denoted ©.and
0., respectively. Note that part of the indirect field oriented
control which establishes the q- and d-axis current
commands has been incorporated into the link stabilizing
control.

T,

* T, e lim e,sIeM J‘ N
Tei—) ' T ';’_@' K T Tei

e lim T - e,slew

Figure 7. Torque limiter.

h
N
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s 1

s+l | Vdeb

+
——

Figure 8. Link stabilizing control.

In addition, although, the details will not be set forth
herein, the fact that indirect field oriented control makes use
of the drive parameters coupled with the size of the drive
necessitates the use of an on line-parameter estimator such
as a Kalman filter. This aspect of the control has not been
set forth herein but is an important part of the indirect field
oriented controller.

The final aspect of the control, and the one which will be
the focus of this paper, is the design of the current regulator.
The function of the duty current regulator will be to establish
the duty cycle signal to a sine-triangle modulator such that
the actual currents are equal to the commanded currents.
Inputs to the current regulator include the commanded g-
and d-axis currents, the dc link voltages, the speed and
position of the synchronous reference frame, and finally the
instantaneous phase currents.

VL DECOUPLING TRANSFORMATION

From Fig. 4, it is apparent that the q- and d-axis circuits
are highly coupled which complicates the control design.
However, by suitable selection of a transformation, the g-
and d-axis sets can be decoupled. In order to derive this
transformation, it is convenient to first express the stator

; o* ‘q,lim ;\e‘
dsi “tg.lim 95i

iq,lim
2 Ne*\2
Lo tim™ (14!'1’ >
-1 .
e = -’_’"”/— ' 77
i i ds
s,lim

Figure 9. Current limit control.




Figure 10. Field oriented controller.

voltage equations in subtransient form. In the case of the g-
axis, solving (24,26) for the rotor current and substitution
into (19) yields

. / 3 . Lm
Ags = Lisigs + Lyl |Lm) Zl iqs + T har (28)
Similarly, for the d-axis
. 7/ 3 P Lm
Ads; = Lisids +(L,,“Lm)_2:l ids, +Z,;Mr 29

By manipulation of (12,13,17,18,28,29) it is possible to
express the stator voitage equation solely in terms of the
stator currents and rotor flux linkages. In particular,

—_— s L . L diq“'\ﬂ
Vasizs = Fslgsis T Qeloisldsin + Ly t

dt
2
K%ﬁ) r/,+(L§,lle)§;]Us.siqsm+

. rrLm m
® (LY L m)Us30ds0s — —i’L,z—Us,l Mo +mri_'U3.l)'dr (30)

and

di gs
. . 123
Vdsyps = Fsldsyys — (DeLlslqsm +LL, -+

dt
2
‘:(-é—:) o+ (L;,l ILm)%}Uﬁ)id“”—

- '-IFL"I m
oL 1L ) Us 3igers ——Fns,xx;,-mré—m,mqr 3D

144

where U;; is a i row by j column matrix of ones and

(32)
(33)

T
fasin = [ Jasi Jasa Jass ]T
fass = [ Jas, fas, Jasy ]

where f may be a voltage, current, or flux linkage.

In order to decouple the three sets of g-axis, it is
convenient to transform (30-31) using the transformations

fosm = Tlgan (34)

fusee = Ttsyns (35)
where ;
fasme = | Sass Sasy Jase ]T (36)
fass =[f¢r. Jas, Jfas. ] €9)]
and
1
1 -3 -3
T=J2 (]) _g -/-;3— (38)
VGG

Note that (38) is almost orthogonal, except that the last row
has been modified so that the z-component of the g- and
d-axis variables would correspond to the average of those
variables. This transformation yields

Vasoe = (s + Lis D)igsne + OeLishasy,+
2
./E[(%’:—) r£+(Lm”LIr)‘%}C3‘3iqsm+
J6 0e(Li | Lm)C33is,y - %C;_;k@, +o,2CaNy
(39
and
Visgy = (Fs + LisS)idsy, = @eLisidse+
2
6 [(é—) r',+(LmIIL1,)§}c3.3id,,,—
. HLm -
v/gme(Llr“Lm)Cii,qus,,, - %LE:‘CS,IA-;, _m"i—l”clll{;r

(40)
where C;; is an i by j matrix whose i,j'th element is one and
whose remaining elements are zero. Upon consideration of
the definition of C;; it can be seen the x-, y- and z-
components of the g- and d-axis stator voltage equations are
uncoupled.

VIL XY-COMPONENT CONTROL

The control of the x-axis component of the g- and d-axis
currents is as follows.  First, extracting the x-axis
components from (39) and (40),

C2Y)
(42)

. . diges
Vgse = Fslgs; +meLLglif, +Ll‘——dt

R . didex
Vds, = Fslds, "(DeLLc‘q.s, +Lis )

One feature of interest in (41-42) is the coupling between the
g- and d-axis, which is troublesome because it introduces a
lightly damped eigenvalue whose natural frequency is a
function of operating point through ©.. A suitable controi
law which eliminate this problem is to command a x-
component of the voitage of

Kige

V;:. = cl)eLLgid_g’ + (qux + T)(I;s, had iqsx) (43)
vy, = —@Liigs + (Kpae + S5, —1as) (44




where s is the Laplace operator and Kpge Kige denote the
x-component of the q-axis proportional and integral gains,
respectively. This control algorithm is depicted in Fig. 11.
Assuming that the desired voltage is obtained, the transfer
function between the q-axis current command and the g-axis
current becomes

iq_g, _ quxS'*‘qux

ig  Liss? +(rs + Kpge)s +Kigx

(43)

From (45), it can be seen that the poles may be arbitrarily
placed. If the poles are widely spaced, and the fastest pole is
faster than the stator leakage dynamics, the zero will nearly
cancel the first pole, so that the second pole dominates the
response. The transfer function for the d-axis is identical,
and the control of the y-axis component is identical to that of
the x-axis component of the current. Typically, the y-axis
component gains will be identical to those of the x-axis.
However, the d-axis gains may occasionally be selected to be
different than that of the g-axis.

VIIL Z-AXIS CONTROL

The voltage equations governing the z-component of the
q- and d-axis may be expressed as

. ) digs,
Vs, =Fzigs, +Oelzigs, +L;

"L . dt
L m Al
oA 0,2 46)
di
Vds, =r,i,1,,—-(o¢L,id_‘,+L, dd;’
rilmqt Lm
"I‘T}"Xdr - (Dr"L/_'}\-,qr (47)

Figure 11. QD set current control.

where

re=rs+ Jg(if:ﬁ)zr’,

Lo=Li+J6 L IILn)

(48)
49

The dynamics of the z—component of the g- and d-axis
currents is similar to the design of the dynamics of the x-
and y-components of the q- and d-axis currents, with the
exception that the z-component is coupled to the rotor
circuits. However, the stator voitages and currents vary on a
time scale much faster than that of the rotor flux linkages.
Therefore, the rotor flux linkage terms may be treated as
disturbances. A suitable control strategy is thus to
synthesize the commanded z-components of the voltages as

. . K .. .
Vs, = OeLzias, + (Kpaz + )i gs, = fas:) (50)

- , K; .- .
Vi, = —®eLzigs, + (Kpgz + =7 Wigs, — ias.) (€29)

which is identical to the form of the control for the x- and
y-components of the currents. Again assuming the actual
voltage are equal to the commanded voltages the transfer
function of the z-component of the stator current may be
expressed

igsy _ Kpgzs +Kigz
i L:5% +(r: + Kpgz)s + Kige

(52)
qss

As with the case of the x- and y- component controllers the
poles may be arbitrarily placed. and the pole placement of
the g- and d-axis may be placed independently, if so desired.

IX. ZERO SEQUENCE CONTROL

Unlike a wye-connected 3-phase machine zero sequence
currents can be present in the drive system shown and should
be actively controlled to zero. The control design of the zero
sequence currents is straightforward since each zero
sequence circuit is dynamically equivalent to a uncoupled RL
circuit. Herein, a simple first order low pass controller of the

form

Ko .
Tos+ 1 (53)
is utilized, wherein 'n' may be '0', ‘o', or '$'. Although each
zero sequence circuit could have a different gain. there is no
reason why this would be desirable since the zero sequence
circuits are all identical. The low-pass filter portion of the
control helps filter out switching noise. It has been found
through computer simulation that the zero-sequence circuits
are much more susceptible to switching noise than the q- and
d-axis. Based on (46), the characteristic equation of the zero
sequence current is given by

Vng =

s (Lig+rsto)  (r+Ko)
S=+ S+kLlsTOJ =0

54
Lito (54)
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Figure 12. Current Regulator.

Using (53), by suitable selection of To and K, the poles may
be arbitrarily placed. There are no zeros associated with the
zero sequence dynamics.

X. CURRENT REGULATOR DESIGN

The finalized current regulator is illustrated in Fig. 12.
Therein the limited desired qd- currents are resolved into

x,y, and z-components. The measured currents are also
transformed to qd variables. and then divided into xyz
components. Based on the speed of the synchromous
reference frame, the commanded xyz currents and actual xyz
currents, the xyz components of a voltage commanded is
determined, from which the qd voltage command is found.
Finally, the qd voitage command, along with the zero
sequence voltage commands are transformed to machine
variables.




A sine-triangle modulator is used to achieve the desired
voltage command for each phase. In particuiar, a duty cycle
is formulated for each phase (denoted d;) which is compared
to a unity amplitude triangle wave (denoted ¢#;) as illustrated
in Fig. 13. The switching signal is formulated in accordance
with

s,-={ ey (59)
-1ifd; <t

The triangle wave signals of adjacent phases are phase
displaced from each other by an equal amount. and the
frequency of the triangle waves is 2 kHz. It can be readily
shown that, upon neglecting conduction drops, the fast
average of the phase voltage is given by

V= diva, (56)

where j denotes the dc link corresponding to the i'th phase.
Inverting this relationship provides a method of achieving
the desired voltage as depicted in Fig. 13.

After selection of suitable pole locations, the current
regulator gains and other control system parameter were
determined and appear in Table 3.

]

|

|

Figure 13. Sine-triangle modulation signals 4; and £,

Table 3. Induction Motor Controller Parameters-

T

elim

=403 kNm

T

e, slew

=4 03 MNm/s

K=100

=650 A

Is, lim

v, =618V

7=20 ms

K, =17.07V/A

K, =306.6 V/As

K= 61.65 V/IA

K .= 17.07 VIA

K, = 306.6 V/As

1

££= 504.9 V/As

K,=4.175

1'0=4ms

A, *=53 Vs




